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Abstract

Driven by rising global energy demand and the urgent need to reduce carbon
emissions, large-scale electrification has become a critical objective – particu-
larly through the integration of renewable energy sources and energy storage
systems. These technologies are inherently Direct Current (DC) in nature, chal-
lenging the long-standing dominance of Alternating Current (AC) infrastructure
and naturally promoting a structural change towards DC and hybrid AC/DC
power systems. This transformation is made feasible by advancements in power
electronics, where multilevel converter topologies such as the Modular Multilevel
Converter (MMC) may play a key enabling role due to their scalability, efficiency,
and operational flexibility. This thesis explores two innovative capabilities of the
MMC that enhance its functionality as an interconnecting element between dis-
tinct power networks. The first contribution introduces the concept of power
decoupling between AC and DC grids. By leveraging the MMC’s flexible energy
storage, the system enables independently shaped transient responses on both
grid sides–offering a valuable opportunity to strengthen the interface between
weak or mismatched networks. A hierarchical control structure is developed,
combining Input-Output Feedback Linearization (IOFL) based controller, an ex-
tended disturbance observer, and a 2-Degree-of-Freedom (DOF) outer loop con-
troller, validated through hardware implementation on a laboratory MMC pro-
totype. A long-horizon Model Predictive Controller (MPC) is also introduced to
handle system constraints, with its real-time feasibility evaluated in a Processor-
in-the-Loop (PiL) environment. The second contribution presents a high step-
down MMC-based DC to DC Converter (DC-DC) converter designed specifically
for heavy-duty agricultural electrification, a sector traditionally difficult to elec-
trify. In this application, a Medium-Voltage Direct Current (MVDC) microgrid
supplies power to mobile agricultural machines. The converter uses an unconven-
tional configuration of permanently inserted submodules to achieve transformer-
less operation and increased power density. A 300 kW hardware demonstrator
is designed to experimentally validate the converter operation. A reduced-order
model is developed to support the design of an adaptive controller, capable of
maintaining a stable and uniformly responsive behavior under rapidly changing
load conditions. In summary, this work demonstrates how the MMC – when
paired with advanced control strategies can be a critical component of for future
grid architectures and enable electrification in challenging applications. The pro-
posed approaches contribute to the development of robust, flexible, and scalable
power conversion systems essential for realizing the next generation of energy
infrastructure.



Kurzfassung

Angetrieben durch den weltweit steigenden Energiebedarf und die dringende
Notwendigkeit zur Reduktion von CO2-Emissionen, rückt die großflächige Elektri-
fizierung zunehmend in den Fokus – insbesondere durch die Integration erneuer-
barer Energiequellen und Energiespeichersysteme. Diese Technologien sind von
Natur aus Gleichstrom-basiert, was die traditionelle Dominanz von Wechselstrom-
infrastrukturen infrage stellt und einen strukturellen Wandel hin zu Gleichstrom-
(DC) und hybriden AC/DC-Energiesystemen begünstigt. Diese Transformation
wird durch Fortschritte in der Leistungselektronik ermöglicht, wobei mehrstu-
fige Wandler-Topologien wie der Modular Multilevel Umrichter (MMC) aufgrund
ihrer Skalierbarkeit, Effizienz und betrieblichen Flexibilität eine zentrale Rolle
einnehmen. Diese Arbeit stellt zwei bislang unerforschte Fähigkeiten des MMC
vor, die seine Funktionalität als Verbindungselement zwischen verschiedenen En-
ergienetzen erweitern. Der erste Beitrag führt das Konzept der Leistungsent-
kopplung zwischen AC- und DC-Netzen ein. Durch die Nutzung der flexiblen
Energiespeicherung des MMC können transiente Reaktionen auf beiden Netz-
seiten unabhängig voneinander gestaltet werden – was eine wertvolle Möglichkeit
darstellt, die Schnittstelle zwischen schwachen oder nicht abgestimmten Net-
zen zu stärken. Es wird eine hierarchische Regelstruktur entwickelt, die Input-
Output-Feedback-Linearisation, einen erweiterten Störbeobachter und einen 2-
DOF-Außenregelkreis kombiniert. Die Umsetzung und Validierung erfolgte an
einem im Labor aufgebauten MMC-Prototyp. Zusätzlich wurde ein Model Predic-
tive Controller (MPC) mit langem Planungshorizont eingeführt, dessen Echtzeit-
fähigkeit in einer Processor-in-the-Loop-Umgebung getestet wurde. Der zweite
Beitrag behandelt die Entwicklung eines MMC-basierten DC-DC-Wandlers mit
hohem Spannungsabsenkungsverhältnis, speziell konzipiert für die Elektrifizierung
schwerer landwirtschaftlicher Maschinen – ein Bereich, der bisher als schwer zu
elektrifizieren galt. In diesem Szenario versorgt ein MVDC-Mikronetz mehrere
mobile landwirtschaftliche Maschinen. Der Wandler nutzt eine unkonventionelle
Konfiguration dauerhaft eingesetzter Submodule, um eine transformatorlose Be-
triebsweise mit hoher Leistungsdichte zu ermöglichen. Ein 300-kW-Hardware-
Demonstrator wurde zur experimentellen Validierung des Wandlers entwickelt.
Ein reduziertes Ordnungsmodell dient als Grundlage für die Entwicklung eines
adaptiven Reglers, der ein stabiles und einheitlich dynamisches Verhalten bei
schnell wechselnden Lastbedingungen gewährleistet. Zusammenfassend zeigt diese
Arbeit, dass MMCs in Kombination mit fortschrittlichen Regelungsverfahren
eine entscheidende Komponente zukünftiger Netzarchitekturen darstellen und die
Elektrifizierung anspruchsvoller Anwendungen ermöglichen können. Die vorgestell-
ten Ansätze leisten einen Beitrag zur Entwicklung robuster, flexibler und skalier-
barer Wandlerlösungen, die für die nächste Generation der Energieinfrastruktur
von zentraler Bedeutung sind.
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1 Introduction

Every research journey starts from a higher-level perspective, this thesis is no
different. Besides my personal fascination for field of power electronics (from the
design to control of power converters), I would like take this opportunity the
reveal some of the arguments, which led me to this research path. My motivation
starts with the Sustainable Development Goals (SDGs) established by the United
Nations (UN) in 2015 [1] and ends on a very important power electronics topology,
as solution to help reach these goals. Afterwards, the objectives of this thesis are
explained and brief outline of every chapter here included is provided. Finally, it
ends with a list of outcomes and contributions for the scientific world.

Figure 1.1: United Nations – Sustainable Development Goals [1]
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2 1 Introduction

1.1 General motivation

1.1.1 Macro – Energy transition

Technological and health advances have been driving world population growth,
since after the second world war [2]. In 2023 the world has reached 8 Billion
people (Figure 1.2) and the UN expects global population to reach its peak at
around 10.3 billion in the mid-2080’s [3]. As the population grows, the demand
for basic services, such as housing, transportation, food production, and water
supply, increases, all of which require energy, as historically shown in Figure 1.3.
Furthermore, the growth of households, businesses, and infrastructure directly
raises the amount of energy needed for heating, cooling, lighting, and powering
machines. In the last 50 years, this has been more evident in the Asiatic conti-
nent, specially in China and India. However nowadays, still around 10% of the
population does not have direct access to electricity. Reducing this number, is
one main priorities of the UN, which further foresees a higher energy demand.
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Figure 1.2: Human population growth over time by region [3]

The industrial revolution sparked the large-scale use of coal for heating, industry,
and transport, with oil and gas joining in the 19th and 20th centuries to meet
energy demands [5]. The reason is simple to understand. Fossil fuels are burned
to generate heat, which is then converted into mechanical or electrical energy,
but the efficiency is limited by the second law of thermodynamics, resulting in
significant heat waste and the release of pollutants like methane (CH4), sulfur
dioxide (SO2), and nitrogen oxides (NOx). This results in a higher concentration
of the so-called Greenhouse Gases (GHGs) in Earth’s atmosphere, which increases
the greenhouse effect. Early studies had already warned that burning fossil fuels
would raise carbon dioxide (CO2) levels and eventually lead to global warming.
[6].
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Figure 1.3: World energy demand [4]
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Figure 1.4: GHGs emissions over time by region [4]
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Figure 1.5: Global temperature change over time [7]
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It is widely recognized that global warming affects the Earth’s ecosystems in
numerous ways. Its impacts are continually assessed alongside the scientific un-
derstanding of climate change, which includes an analysis of future risks and
strategies for adaptation and mitigation [8]. Besides efforts of worldwide govern-
ments and international agency plans [9], the CO2 levels are still growing and our
planet continuous to warm up, as recorded in Figure 1.4 and Figure 1.5.
Most recent data [10] points out that almost three-quarters of GHGs emissions are
directly from energy demand across sectors such industry (in general), transporta-
tion and residential buildings, while almost one fifth of the emissions is produced
by the agriculture and floresty sectors. A more detailed overview of each sector
contribution is given in Figure 1.6. Electrification is a consensual worldwide solu-

Figure 1.6: Current GHGs emissions by sector [10]

tion [1],[8],[9] to fully decarbonize the major part of the responsible sectors. The
electrification itself can be divided into distinct groups:

� Easy-to-electrify sectors – are those where energy needs can be met with
electricity using existing or rapidly advancing technologies, which are often
supported by falling costs. These include heating, cooling, and cooking
in residential building through electric appliances and heat pumps or the
adoption of Electrical Vehicle (EV)s and electrified public transport systems
offering reducing emissions and fuel costs.

� Hard-to-electrify sectors – include heavy industries such as steel, cement,
and chemicals; long-distance transport like aviation, maritime shipping,
heavy-duty trucking and high-temperature industrial processes. These sec-
tors face challenges due to their reliance on high-energy-density fuels, the
need for specific chemical processes, or the difficulty of adapting existing
infrastructure to electrification [11].

To achieve meaningful decarbonization, it is essential that the energy used to
power electrified systems comes from clean, renewable sources. The current global
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energy mix shows that less than one-fifth of the world’s energy consumption
is electricity (Figure 1.3), and less than a third of this electricity comes from
Renewable Energy Sources (RES), as shown in Figure 1.7.
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Figure 1.7: Electricity produced by renewable sources over time [12]

Therefore, without a substantial increase in the share of clean electricity, the
environmental benefits of electrification may be undermined by continued reliance
on fossil-fuel-based power generation. However, there is a promising outlook, as
the rapid cost reductions in RES technologies are driving significant progress.
For instance, the deployment of Solar Photovoltaics (PV), combined with Energy
Storage Systems (ESS) like batteries, has seen an exponential rise, with an 80%
growth in 2023 alone. This trend is expected to continue, positioning solar energy
as the leading RES in the coming years, largely due to the abundant availability
of materials such as silicon for PV cells, which supports scalable and cost-effective
production [13].

Nevertheless, a successful energy transition and decarbonization depend heavily
on critical areas such as overall energy efficiency and the sustainable use of ma-
terial resources. These aspects are identified as key enablers in reports by several
leading consulting firms and international agencies [14, 15].

1.1.2 Micro – Key to green power

The path to reach the All-Electric-Society is not straightforward. The deployment
of RES and electrification introduce new global challenges [14, 16, 17]:

� Intermittency – due to the nature of RES, its availability is not fully con-
trollable but instead predictable via weather forecasts;

� Fossil-fuel dependency – due to the availability risk, the traditional non-
RES must still be taken into account on the energy mix;
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� Operation costs – for many heavy-industries, relying on electricity produced
by fossil-fuels is still as much cost effective option;

� System overload – as the consumption of electricity increases, so the trans-
mission capacity requirements;

� Infrastructure upgrades - deployment of RES and new electrified loads alone
is not compatible with the electrical grid requirements;

� Non-uniform policymaking – commitment to energy transition is not equal
around the world. In many countries, clear long-term targets, specific
strategies and complex/non-existant supporting legislation repel private in-
vestment;

From a technological perspective, these challenges can be addressed through the
implementation of three pivotal technologies, which are discussed in this subsec-
tion [13].

Energy storage systems

ESS are critical for enabling a reliable and decarbonized energy future, especially
these are able to solve several of the challenges above mentioned [13, 18]. By stor-
ing excess energy during peak generation periods and releasing it during times of
low production, ESS reduce dependence on fossil fuels, provide grid stabilization
function for the grid, and improve overall energy efficiency [19]. This functionality
is vital, considering that the solar energy reaching Earth in just one hour could
meet global annual energy demand [20], yet much of it is lost without adequate
storage.

Batteries, particularly lithium-ion types, are currently the most widely adopted
storage technology due to their ability to provide sustained energy over longer
durations and decreasing cost. Supercapacitors, on the other hand, are well-
suited for short-term applications requiring rapid charge and discharge cycles,
such as smoothing power fluctuations. Together, they address different needs
across residential, commercial, and utility-scale systems.

While demand-side solutions like flexible load management have potential, they
often face barriers related to user participation and data privacy [21]. In contrast,
ESS operate independently of consumer behavior, offering a passive yet powerful
solution that can also enhance system resilience. At the grid level, utilities are
increasingly investing in Battery Energy Storage Systems (BESS) for their mod-
ularity, fast response, and ability to provide ancillary services [22]. Many of these
advancements stem from progress in electric vehicle battery technology, now be-
ing applied to energy systems [23]. A variety of storage solutions are available,
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and their strategic integration is key to building a flexible and future-ready power
infrastructure [24, 19].

Power electronics

Power electronics focuses on controlling and efficiently converting electrical en-
ergy through the use of electronic switches, such as power semiconductors. Power
converters execute the required energy conversion through these power semicon-
ductors, which are driven by specially designed gate drivers and controlled ei-
ther digitally or in an analog manner. These devices enable the modification of
voltage, current, frequency, and phase configuration (e.g. single-phase input to
three-phase output) in electrical circuits across a wide range of systems, from low
to high power. To ensure compliance with grid codes and maintain power quality,
reactive elements, such as inductors and capacitors, are integrated into power con-
verters as filters or short-term storage elements. These components help mitigate
harmonics, stabilize voltage, and ensure compatibility with standards governing
voltage and frequency. Applications of power converters span various sectors,
including industrial processes, household appliances, and mobility solutions [25].
Figure 1.8 provides an overview of the conversion category and the internal struc-
ture of a power converter. Power converters are crucial for integrating RES and

Figure 1.8: Power converter overview: functions and internal structure

ESS into the AC-grid. To ensure compatibility, all sources and loads must adhere
to grid codes, particularly regarding voltage and frequency standards [26],[27].
Since most RES and ESS inhere a DC nature, direct connection to the grid is
not feasible and requires the use of power converters to enable proper interfacing.
The power converter interfacing the PV with the grid is typically formed by a
two separate stages [28]:

� DC to AC Converter: Inverter (DC-AC) – Converts a regulated DC voltage
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into an alternating waveform. An example of a single-phase inverter elec-
trical circuit diagram is given in Figure 1.9a. In order to charge a BESS
from the grid, the inverse logic is applied to the same circuitry [29]. An AC
to DC Converter: Rectifier (AC-DC) (Figure 1.9b) is used to obtain a DC
voltage from a alternating voltage. Operation details are well documented
in [25].

� DC-DC – adjusts PV’s varying DC voltage to a stable level, to meet the in-
verter’s operating requirements. This stage often incorporates a Maximum
Power Point Tracking (MPPT) algorithm, ensuring PV panels always op-
erate at a maximizing power extraction point under varying environmental
conditions. A commonly used methodology is given in [30].

(a) Inverter (b) Rectifier

Figure 1.9: Single-phase DC to AC converters

Additionally, it is important to highlight the step-up and step-down capabilities
of power converters. This refers to the ability of a circuit, to increase (step-up) or
decrease (step-down) voltage levels. These capabilities are essential for efficiently
adapting voltage levels to suit different parts of an electrical system. For a DC-DC
stage, the most simple step-down (Buck) and step-up (Boost) converters are
shown in Figure 1.10a and Figure 1.10b. By combining both circuits, a Buck-
Boost converter is obtained as represented in Figure 1.11. The last is widely used
as DC-DC stage in PV applications to perform MPPT [31].

(a) Buck converter (b) Boost converter

Figure 1.10: DC to DC converters

In several applications, i.e. incorporating ESS, it is desired to include a galvanic
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Figure 1.11: Bidirectional non-isolated Buck-Boost converter

Figure 1.12: Bidirectional isolated Buck-Boost converter

isolation stage in the power converter [32, 33, 34, 35]. This protects users and sen-
sitive components from faults such as ground loops, short circuits, or overvoltage
conditions. For ESS, without isolation, differences in ground potential between
the battery and other parts of the system can create ground loops. These loops
can cause unwanted currents, leading to noise, interference, and potential dam-
age to sensitive electronics. redIn high-power applications requiring wide voltage
conversion ratios, galvanic isolation with an appropriate transformer turns ra-
tio can improve feasibility, efficiency and reduce total system cost, particularly
when safety isolation is required [36, 37]. An example of an isolated DC-DC with
bidirectional power flow capability is given in Figure 1.12, named Dual-Active-
Bridge (DAB) [38], include all the functions introduced so far.

The same principles apply to direct AC to AC conversion through the use of the
so-called Matrix Converter. By employing power semiconductors in an anti-series
configuration, the Matrix Converter enables stepping up or down the amplitude
and frequency of the alternating voltage [39]. An illustrative example of this
converter is shown in Figure 1.13. Unlike traditional back-to-back converters
used in mixed-frequency power systems or wind power plants, which consist of
a rectifier stage, an inverter stage, and a bulky capacitor for DC-link energy
storage, the Matrix Converter is a storageless solution. This design eliminates
the bulky capacitor, one of the most common failure points in such applications,
resulting in a more compact and efficient system, at the cost of increased circuit
and control complexity [40]. Further insights into advancements and applications
within this conversion category can be found in [41].
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(a) Matrix buck converter (b) Matrix boost converter

Figure 1.13: Single-phase AC to AC converters

Advancements in power semiconductors have introduced new technologies with
superior switching characteristics, such as silicon carbide (SiC) Metal-Oxide-
Semiconductor Field-Effect Transistor (MOSFET)s and gallium nitride (GaN)
transistors. These innovations enable higher switching frequencies at elevated
voltages (>1 kV) in high-power converters, resulting in more compact and poten-
tially more efficient power conversion systems. This progress directly supports the
advancement of electrification while significantly reducing the production foot-
print. A comprehensive review of exemplary designs is provided in [42]. Notably,
a 5 kV/5 MVA transformer operating at 1 kHz was developed, as detailed in
[43]. In comparison, a conventional 50 Hz transformer weighs 11,500 kg (2.5
kg/kVA), whereas the medium-frequency transformer achieves a significantly re-
duced weight of 675 kg (0.14 kg/kVA) [44].

It is also possible to create configurations through the interconnection of modules
in series or parallel groups. This approach forms a fully modular system, built on
a standardized Power Electronic Building Block (PEBB), which can be flexibly
interconnected to suit specific applications [43]. Such a design enhances modu-
larity and scalability. For increased current capability, modules are connected in
parallel, while higher voltage capability is achieved through series connections. A
combination of both configurations is also feasible but is typically implemented
only in isolated converter systems and represented in Figure 1.14.

Hybrid-grids

On September 4, 1882, Thomas Edison showcased the first electrical grid powered
in a DC format. However, the invention of the transformer brought the ability to
transmit electricity over vast distances leading to the dominance of AC in global
power infrastructure. Today, most power transmission systems still rely on fos-
sil fuel-based generators that produce AC electricity. Unavoidably, losses occur
during transmission and distribution through power lines, which are estimated
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(a) Parallel-parallel connection (b) Series-series connection

(c) Series-parallel connection (d) Parallel-series connection

Figure 1.14: Possible connections of isolated DC-DC converters

to result in slightly less than 3% of global CO2 emissions [15]. In the European
power system network, the transmission-related losses are in average around 2%,
while in distribution this number increases up to 8%, according to latest reports
in [45]. This is normal, since in distribution networks, the working voltage is
lower and current higher, resulting in higher losses. As previously emphasized,
the urgent transition from fossil fuels to RES has become increasingly critical.
Moreover, emerging loads such as EVs chargers, data centers, LED lighting, and
Variable Frequency Drives (VFD) motor appliances inherently operate on DC
power. Coupled with advancements in power electronics, which offer improved
efficiency and a smaller footprint, this raises the question of whether the devel-
opment of new DC power grids should now be considered. In comparison with
traditional AC-grids the following benefits should be highlighted [46, 47]:

� Discard frequency control – power flow is online dependent of voltage am-
plitude level. This includes several benefits: easier controlability, standard-
ization, component integration, scalability and connection between grids.

� Higher cable utilization – skin effect is not present in DC system, which
increases the utilization of the cable cross-section. In another view, the
same cable has a smaller effective resistance [48].

� Smaller footprint – one conductor less than in three-phase systems. Due to
modern loads, less conversion stages are necessary. As these are converter-
interfaced, increased switching frequency leads higher power density.

At the high-voltage transmission level, there are several point-to-point industrial
projects proving the benefits and economical feasibility of applying DC tech-
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nology, especially on systems requiring long-distance power transmission lines,
submarine cables and interconnection of asynchronous grids [49, 50, 51, 52, 53].
Several technological problems under research are related with insulation, protec-
tion and stability of multi-terminal High-Voltage Direct Current (HVDC) systems
[54, 55, 56].

On the low-voltage and medium-voltage levels, the advantageous of DC technol-
ogy have also been shown in many applications: Agriculture [57], Aerospace [58,
59], Maritime[60], Commercial buildings[61] and factories[62], Households[63],
Mining[64] and Railway[65]. It is important to notice, these applications are
mainly standalone, point-to-point, islanded or a separate branch of the distribu-
tion grid. In another words, these are DC-microgrids. Up to the author’s best
knowledge, DC-based distributed network is still up today in practice a research
topic. A survey of existing pilot projects is given in [66].

Although DC technology presents great opportunities, it lacks in maturity and
standards, where investments are risky and highly state-subsidized. As in the
automotive industry, to achieve a smoother transition from internal combustion
cars (IEC) to EVs, hybrid solutions were and still are required. For distribution
networks, a similar path has been followed in latest years. Cooperative projects
involving industry and academic partners have been carried out to develop hybrid
AC/DC grids, and hence, explore the potential DC grid technologies directly
connected to existing AC distribution networks. Examples of ongoing projects
and their results can be found in [67, 68, 69]. Such hybrid approach aims to
maximize the usage of existing infrastructure, while introducing and maturing the
prospective advantages of the DC technology. Additionally, it increases security
of supply by enhancing grid inter-connectivity. This is exemplified in Figure
1.15 [70], where a MVDC line creates an additional path between two original
grid sectors. This is only possible due to presence of Interconnecting Power
Converter (IPC)s, which regulate power transfer between DC- and AC-grids,
while maintaining the power system stability [71].

1.1.3 Nano – Multilevel converters

Power converters are a key element for proliferation of DC technology in dis-
tributed grids. Referring back to Figure 1.15, it is necessary to develop high-
power converters to convert from Medium-Voltage Alternate Current (MVAC) to
MVDC, as well as from MVDC to Low-Voltage Direct Current (LVDC). Con-
ventional isolated and non-isolated power converter topologies, well described in
[25], operate on two-level (2L) principle, i.e. one transistor must be able to switch
the entire input voltage. According to traditional grid codes [72], the MV range
lies in between voltage levels of 1 kV and 60 kV. However power semiconductors
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Figure 1.15: Hybrid AC/DC grid – Adding DC (in green) to an existing AC grid

with active turn-on and -off capabilities are limited to 6.5 kV blocking voltage
[73]. The series connection of active semiconductors poses significant risks due
to the inherent challenges associated with uneven voltage distribution caused by
differences in device parameters and circuit asymmetries. This issue is further
enhanced by the fast switching transient behavior, which make dynamic voltage
equalization difficult to achieve, thereby compromising the safe operation of the
circuit [74]. Increasing the blocking voltage of SiC-Metal-Oxide-Semiconductor
Field-Effect Transistor (MOSFET)s is a topic under investigation, with promis-
ing results [75]. So far no commercial solutions are available in the market. To
achieve higher voltage capability, the connection of series-parallel PEBBs (Fig-
ure 1.14) and Multilevel Converters (MLC) topologies have been proposed as
successful alternative solutions [42, 76].

A conventional 2L converter achieves higher voltage capability mainly by us-
ing higher-rated devices or by series-connecting semiconductors to withstand the
required blocking voltage. In contrast, MLCs increase voltage capability by split-
ting the total DC-link voltage across multiple devices and voltage levels, thereby
reducing the voltage stress on each semiconductor. As an IPC, the MLC op-
eration relies on synthesizing a staircase waveform that closely approximates a
sinusoidal shape, offering enhanced power quality and reduced harmonic distor-
tion compared to traditional 2L converters. An illustrative example of the nearest
level approximation of a sinusoidal reference for 2L and 5L single-phase inverters
is shown in Figure 1.16. To further improve the voltage waveform quality, higher-
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frequency techniques such as Pulse-Width Modulation (PWM) or Space Vector
Modulation (SVM) are commonly employed [77, 78].

As the number of active semiconductors in multilevel converters increases, so do
the conduction and switching losses. This requires a trade-off between switch-
ing frequency and waveform quality. Optimized Pulse Patterns (OPP) offer
a promising solution by enabling the generation of high-quality waveforms at
switching frequencies near the fundamental frequency (50 Hz). These patterns
are pre-optimized offline through computationally intensive processes, limiting
their practical application to converters with a low number of levels [79]. Despite
their benefits, PWM-based modulation remains the preferred choice in most ap-
plications due to its ease of implementation and high flexibility. As the PWM

(a) Generic MLC (b) 2L Waveform (c) 5L Waveform

Figure 1.16: Generic MLC representation as controllable voltage source with LC
low-pass filter and examples for nearest level modulation

waveform inherently contains harmonics that must be filtered to achieve a high
quality sinusoidal output, an LC low-pass filter is essential to meet AC grid code
requirements [26]. The inductor (L) smooths the current, while the capacitor
(C) attenuates harmonic voltage content, ensuring the voltage is filtered to an
acceptable level. A generic representation of a MLC is depicted in Figure 1.16a.
Regardless of the application, the high-frequency components of current and volt-
age around the fundamental waveform are described by (1.1) and (1.2), which are
inversely related to the size of the LC filter. An analysis of normalized values, pre-
sented in Figure 1.17, clearly demonstrates that increasing the number of levels
has a greater impact on reducing filter size compared to increasing the switching
frequency. In comparison with a 2L topology, the filter size decreases, however
the conduction and switching losses increase, due to the higher number of active
semiconductors. Although this represents an enormous potential decreasing the
footprint of MV and HV converter, a trade-off must be made, depending on the
application. In [80], it is shown that a LV single-phase AC-DC converter requires
seven voltage levels to achieve an efficiency comparable to that of a traditional
2L solution. A similar study has been done for motor applications in [81].
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Figure 1.17: Influence of multilevel concept and switching frequency on LC filter
current and voltage waveform for a single-phase inverter [80]

The main advantages of multilevel converters are [82]:

� Lower voltage waveform distortion, leads to reduced the harmonic losses.

� Reduced effort to comply with Electromagnetic compatibility (EMC) stan-
dards.

� Increased number of switching combinations for the same voltage levels
enables redundant operation.

All the aforementioned advantages arise from the increased DOF in multilevel
topologies. This comes at the cost of greater system complexity, particularly in
the control system design. Nevertheless, this complexity also creates opportuni-
ties for innovation and optimization in system design and operation [83].

MLCs are classified based on the method used to generate voltage levels. A com-
prehensive review of the most commonly employed topologies and their operating
principles can be found in [84]. These topologies, namely Neutral-Point Clamped
Converter (NPC), Flying Capacitor Converter (FC) and MMC are illustrated for
a 5L application in Figure 1.18. To evaluate the scalability of MLC topologies, the
required components are compared across different numbers of levels, as summa-
rized in Table1.1. Notably, the MMC topology stands out as it does not require
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additional diodes (beyond those integrated into the active semiconductors) or
DC-link capacitors.

(a) NPC (b) FC

(c) MMC

Figure 1.18: Conventional MLC topologies (5L)

As expected, the number of components increases with the number of levels (NL)
in all MLC, as well as the number of phases (NPh). However, the MMC structure
stands out as its component count grows linearly with the number of levels. Figure
1.19 provides a comparison of the required components per level. For a higher
number of levels, the MMC emerges as the most advantageous topology. Studies
such as [85, 86] evaluate the efficiency benefits of various multilevel topologies
in different applications, including medium-voltage solar inverters and variable-
speed drives. Among these, the MMC demonstrates the best overall performance.
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Table 1.1: Component count for Multilevel topologies

NPC FCC MMC

Transistors 2 · (NL − 1) ·NPh 2 · (NL − 1) ·NPh 4 · (NL − 1) ·NPh

Diodes (NL − 1) · (NL − 2) ·NPh 0 0

Capacitors 0 (NL−2)·(NL−1)
2

·NPh 2 · (NL − 1) ·NPh

DC-Link NL − 1 NL − 1 0

3 4 5 6 7 8 9 10 11 12
0

25

50

75

100

125

150

Figure 1.19: Number of components in three-phase MLC topologies

1.2 Overview

The modular structure of the MMC topology offers several DOF that can be
systematically exploited. The primary objective of this thesis is to explore two
innovative capabilities that enhance the interconnection of distinct power net-
works, i.e. in the hybrid-grid represented in Figure 1.15. These capabilities are
realized by leveraging the MMC’s topological flexibility into the design of dedi-
cated control algorithms.

1.2.1 Outline

In Chapter 1, the thesis begins by examining the global shift towards electrifica-
tion, primarily driven by the increasing integration of renewable energy sources
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and energy storage systems. This chapter discusses the inherent direct current
(DC) nature of these technologies and the consequent need to transition from
traditional AC grids to DC or hybrid AC/DC grid architectures. It highlights
the role of advancements in power electronics, particularly MLC topologies, in
facilitating this transition.

In chapter 2, the MMC topology is analyzed by deconstructing it into its funda-
mental building blocks, with particular emphasis on its flexible energy storage ca-
pabilities. A comprehensive circuit analysis of the topology is conducted, serving
as the foundation for deriving well representative mathematical models. These
will serve as basis for control design. A literature review of control strategies
applied to the MMC finalizes this chapter.

Chapter 3 introduces the concept of power decoupling between AC and DC grids,
leveraging the flexible energy storage capabilities of the MMC to provide distinct
transient responses to a common power reference change on both the DC and
AC sides. Furthermore, the control algorithms enabling this functionality are
described in detail.

Chapter 4 presents the development of a high step-down MMC-based DC-DC
converter, tailored for heavy-duty agricultural electrification. In this chapter the
proposed converter is explained and their operation modes are deeply explored.
Furthermore, the control algorithms enabling this functionality are described in
detail.

Chapter 5 provides details on the hardware developed to support the research
findings presented in this thesis. This includes the design and construction of a
low-power MMC prototype and an additional 300 kW demonstrator, tailored to
validate the proposed control strategies and operational concepts.

In the final chapter, a comprehensive conclusion is presented, summarizing the
main findings and results of this research. Additionally, potential directions for
future work are discussed, highlighting areas where further investigation could
build upon the contributions of this study.

1.2.2 Contributions

The research conducted throughout this thesis has resulted in the following peer-
reviewed publications. While a few of these directly support the core contri-
butions of the thesis, others emerged as valuable by-products of the broader
investigative process:

1. “Adaptive Control for Enhanced Performance in Grid-Connected Agricul-
tural Machines,” 2024 IEEE 15th International Symposium on Power Elec-
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tronics for Distributed Generation Systems (PEDG)

2. “Decoupled Current Control via Feedback Linearization Technique for a
Grid-Connected Modular Multilevel Converter,” IECON 2023 – 49th An-
nual Conference of the IEEE Industrial Electronics Society

3. “Optimized Pulse Pattern with Half-Wave Symmetry for 5-Level Converter,”
2022 24th European Conference on Power Electronics and Applications
(EPE’22 ECCE Europe).

4. “Volume Optimization of a 300kW MMC-Based DC-DC Converter for a
DC Grid Connected Agricultural Machine,” PCIM Asia 2021.

5. “Experimental Evaluation of a High Power Medium Voltage Converter for
a DC Grid Connected Agricultural Machine,” PCIM Europe Digital Days
2020.

6. “Flexible and General Strategy of Space Vector Modulation for Multilevel
Converters,” PCIM Asia 2020.



20 1 Introduction



2 Modular Multilevel Converters

The Modular Multilevel Converter (MMC), initially introduced in 2003 [87], has
since evolved into a key technology for various emerging application fields. This
includes more efficient utilization of large drive systems, integration of solar and
wind power sources, and the enhancement of grid infrastructure–particularly in
multi-terminal HVDC and MVDC networks. While the advantages of this topol-
ogy over their peer-topologies are highlighted in the previous chapter, this chap-
ter is focused on its working principle, mathematical model and operation, which
serves as common-ground for the following chapters.

2.1 Basic concepts

2.1.1 Submodule

The structure of a grid-connected MMC is provided in Figure 2.1. Its main
building block is the so-called submodule (SM), typically composed by a storage
capacitor (Csm) and a standard simple switching topology. Most commonly, Half-
Bridge (HB) and Full-Bridge (FB) submodules are considered, both represented
in Figure 2.2. Alternative submodule configurations are reviewed in [88, 89].
Regardless of the switching configuration and the active power semiconductors
employed, the submodule can be regarded as a controllable voltage source. Con-
sequently, its terminal voltage is determined by the switching function (sT) and
the available voltage (uCsm), as given for the HB-SM in (2.1), where the subscript
T denotes the applied submodule topology. The switching function determines,
how the submodule contributes in the generation of the multilevel waveform. Ad-
ditionally, it influences the dynamics of the stored energy in each submodule, by
dynamically allowing current to flow in and out of the submodule, as provided
in (2.2). Furthermore, the capacitor voltage uCsm(t) consists of an average com-
ponent representing the stored energy level and a periodic component resultant
from the switching action, as given in (2.3)

usm(t) = sT(t) · uCsm(t) where, sHB(t) =

{
0 if bypassed

1 if inserted
(2.1)

21
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u̇Csm(t) =
ism(t)

Csm

= sHB(t) · iarm(t)

Csm

(2.2)

uCsm(t) = UCsm0 + ũCsm(t) (2.3)

The switching states and submodule dynamics for an HB configuration are de-
picted in Figure 2.3 and summarized in Table 2.1. Due to the higher number
of semiconductors, the Full-Bridge Submodule (FB-SM) offers higher DOF, as
summarized in Table 2.2.

Figure 2.1: Grid connected Modular Multilevel Converter

When selecting a submodule configuration, the following factors should be con-
sidered:
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(a) Half-Bridge submodule (HB-SM) (b) Full-Bridge submodule (FB-SM)

Figure 2.2: Most common submodules used in the MMC

� Cost: The number of semiconductors and auxiliary circuitry in the sub-
module directly affects the overall system cost. HB configurations are more
cost-effective, while FB configurations are more expensive.

� Power density: The additional components in FB-SM increase system size
and weight compared to HB configurations.

� Efficiency: HB-SM have lower conduction and switching losses due to fewer
semiconductors, while FB-SM experience higher losses.

� Voltage Levels: FB-SM offer a wider range of output voltage levels, enabling
greater operational flexibility compared to HB-SM.

� Fault Handling: FB-SM provide inherent DC fault-blocking capability,
which may eliminate the need for additional protection devices, whereas
HB-SM require external fault protection mechanisms.

Figure 2.3: HB-SM switching states



24 2 Modular Multilevel Converters

Table 2.1: Half-Bridge submodule - Conduction states

State sHB (S1, S2) Conducts usm iarm
duCsm

dt

Insert 1 1 0 S1
+uCsm > 0 > 0
+uCsm < 0 < 0

Bypass 0 0 1 S2
0 > 0 = 0
0 < 0 = 0

Passive X 0 0
D1 +uCsm > 0 > 0
D2 0 < 0 = 0

Table 2.2: Full-Bridge submodule - Conduction states

State sFB (S1, S2, S3, S4) Conducts usm iarm
duCsm

dt

Insert + 1 1 0 0 1 S1, S4
+uCsm > 0 > 0
+uCsm < 0 < 0

Insert – -1 0 1 1 0 S2, S3
−uCsm > 0 < 0
−uCsm < 0 > 0

Bypass 0 1 0 1 0 S1, S3
0 > 0 = 0
0 < 0 = 0

Bypass 0 0 1 0 1 S2, S4
0 > 0 = 0
0 < 0 = 0

Passive X 0 0 0 0
D1,D4 +uCsm > 0 > 0
D2,D3 −uCsm < 0 > 0
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2.1.2 Arm

The multilevel capability is realized by connecting submodules in series. A series
configuration of installed submodules (Nsm) is referred to as an arm, as depicted
in Figure 2.1. The arm output voltage, uarm, is determined by summing the
capacitor voltages of all the inserted submodules in the series connection, as
expressed in (2.4). An example of this equation for an arm comprising six HB-SMs
is illustrated in Figure 2.4. Assuming all submodules are ideal and well balanced,
each contributes equally due to similar insertion time.

uarm(t) =
Nsm∑
k=1

sT,k(t)uCsm,k(t) (2.4)

Figure 2.4: Stacked submodules generating arm multilevel waveform

The current flowing through the entire series stack of submodules is commonly
referred to as the arm current (iarm). Its waveform is influenced by the contribu-
tions of inserted submodules as well as the interactions at the terminal interface
with other arms, sources, or loads. Consequently, the voltage dynamic equation
within a single arm (u̇Carm) , as expressed in (2.5), are determined by the con-
tributions of the inserted submodules. In the bypassed state their charge state
remains unchanged.

u̇Carm(t) =
Nsm∑
k=1

sT,k(t)

Csm

iarm(t) (2.5)

Regardless of their switching state, the available arm voltage (uCarm), as the
total electrical charge stored in all submodules within one arm (uΣ

Csm) is defined
in (2.6).

uCarm(t) = UCarm0 + ũCarm(t) (2.6)

Fundamentally, the arm output voltage represents a specific fraction of the to-
tal available voltage. Building on this concept, (2.5) and (2.6) are combined in
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(2.7) to define this relationship and normalize the proportion of instantaneously
inserted submodules relative to Nsm. Such relation is commonly named as mod-
ulation index, whereas m = 0 bypasses all submodules, while m = 1 inserts them
all.

m(t) =

∑Nsm

k=1 sT,k(t)

Nsm

=
uarm(t)

uCarm(t)
(2.7)

Each arm includes an inductance (Larm) and a parasitic resistance (Rarm). Fun-
damentally, it limits the current maximum amplitude and transient behavior,
to protect the converter and associated equipment [90]. Despite being applica-
tion dependent, its design should take into consideration the following operative
aspects [91]:

� Fault current limitation: To protect the converter by limiting fault current
levels during DC or AC faults.

� Ripple current reduction: Switching of submodules induce high-frequency
components, i.e. ripples. The arm inductance acts as filter reducing stress
on components and extending their lifespan.

� Voltage balancing: limiting the current transient behavior, enable balanc-
ing of the submodules and hence stable operation.

� Dynamic performance and resonance avoidance: Prevents system reso-
nance and helps maintaining stability.

Although the design of the arm inductance is beyond the scope of this thesis, its
design methodology, associated trade-offs, and optimization strategies are thor-
oughly reviewed in [92, 93, 94]. The same principles apply to both DC- and
AC-filter inductance, referred to as Ld and Lg.

2.1.3 Average model

Assuming a very large Nsm or a substantially higher submodule switching fre-
quency as well as an even voltage distribution among the submodules during
operation, the arm can be approximated by an equivalent continuous model [95,
96]. Now, only a single arm capacitance is used and the modulation index be-
comes the control variable. This simplifies the dynamic behavior of the converter
by focusing on averaged quantities rather than the detailed switching behavior of
individual submodules. Additionally, it allows for faster simulations and easier
analysis of the system, especially in scenarios where the exact switching dynamics
are not critical [97]. Combining (2.5) and (2.7) the arm available voltage dynam-
ics are updated in (2.8), where Carm refers to the series connections of all stacked
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submodules.

u̇Carm(t) =
m(t) · iarm(t) ·Nsm

Csm

=
m(t) · iarm(t)

Carm

(2.8)

This forms a continuous model representing a variable capacitance and in the
remaining topology perspective, a controllable voltage source rearranging (2.7)
as

uarm(t) = m(t) · uCarm(t) (2.9)

Substituting (2.9) into (2.7) reveals that the dynamics of the available voltage
in the arm are directly dictated by the instantaneous power flow within the arm
itself. Since uarm(t) is commanded m(t), a complex, intertwined non-linear rela-
tionship becomes evident.

u̇Carm(t) =
uarm(t) · iarm(t)

Carm · uCarm(t)
=

Parm(t)

Carm · uCarm(t)
(2.10)

In summary, this concept is well represented by the meshed equivalent circuit in
Figure 2.5.

Figure 2.5: Stacked submodules represented as AAM

Naturally, the requested voltage cannot be greater than available voltage within
the arm, therefore the following physical constraints should be yielded in opera-
tion,

0 ≤ uarm(t) ≤ uCarm(t) (2.11)

In case FB-SM are considered, negative requested voltages are allowed, therefore
the constraint is extended to

−uCarm(t) ≤ uarm(t) ≤ uCarm(t) (2.12)

By adjusting the insertion and bypass intervals, the number of inserted submod-
ules as well as the average capacitor voltage levels are controlled, enabling arm
voltages above or below Udc. Hence, unlike other MLC topologies, the available
arm voltage can deviate from the input DC voltage and may be either lower or
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higher than Udc, depending on the operational requirements. This relation is rep-
resented by the scaling factor kc in (2.13). This flexibility arises from the variable
capacitance capabilities of the system [98].

UCarm = kc · Udc (2.13)

A comparable voltage boosting principle is known from Marx generators [99],
where charged capacitors are reconfigured in series to obtain an increased output
voltage. This feature will be further explored in subsequent sections of this thesis.

2.1.4 Energy framework

The submodules can be seen as controllable energy storages, where each capac-
itor stores it in form of electrical field. The energy stored in each capacitor is
represented by

Wsm(t) =
1

2
Csmu

2
Csm(t) (2.14)

Similarly, using the AAM principle, the energy stored within one arm yields,

Warm(t) =
1

2
Carmu

2
Carm(t) (2.15)

The dynamics of the energy stored in the arm are determined by its rate of
change, which directly corresponds to the fundamental definition of active power
flow. Differentiating on (2.15) the following representation is obtained,

Parm(t) = Ẇarm(t) = CarmuCarm(t)u̇Carm(t) (2.16)

which matches (2.10), proving the veracity of this representation. For each phase
x ∈ {a, b, c} there is an upper (p) and lower (n) arm. In each, a separate energy
storage is available. The energy stored per phase is given by,

∀x ∈ {a, b, c}, W∑
x = Wpx + Wnx (2.17)

and the energy difference between upper and lower arms yields,

∀x ∈ {a, b, c}, W∆x = Wpx −Wnx (2.18)

Furthermore it is also useful to consider the entire energy stored in the MMC as

WMMC =
∑

x∈{a,b,c}

Wpx +
∑

x∈{a,b,c}

Wnx (2.19)

Alternatively, (2.19) can be expressed by the total MMC capacitance

CMMC = 3 · Carm (2.20)
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and the average available voltage in the six arms

WMMC =
CMMCU

2
Carm

2
(2.21)

Due to potential mismatches among the submodule capacitors [100], the energy
states should be represented by the voltage available in each arm. Nonetheless,
the energy-based framework is highly effective in grid-connected converters, where
the power exchanged with the grid can be directly linked to the energy dynamics,
as further discussed in Section 3.1.

2.2 Circuit analysis

A three-phase grid-connected MMC incorporates six arms, as represented in Fig-
ure 2.1. Based on the AAM principle, the stacked submodules are modeled as a
controllable voltage source. This simplifies the MMC representation, as shown in
Figure 2.6. Furthermore an clearer circuit analysis of this topology can be carried
on. For each phase x ∈ {a, b, c} there is an upper (p) and lower (n) arm, with the
correspondent arm current and voltage. Additionally, variables and parameters
associated with the AC grid are labeled as gx, while those related to the DC
grid interface are labeled as dc. Typically, both grids are interfaced via an induc-
tance with its internal resistance and are here considered for the following circuit
analysis. For clarity, the MMC is considered in inverter mode, hence transferring
power from DC to AC side.

By applying KCL at nodes a,b,c and n of Figure 2.7 it results in

∀x ∈ {a, b, c}, igx = ipx − inx (2.22)∑
x∈{a,b,c}

igx = 0 (2.23)

and at the nodes dp and dn in

idc =
∑

x∈{a,b,c}

ipx =
∑

x∈{a,b,c}

inx (2.24)

The arm currents are a superposition of both grid side currents and an additional
circulating current (izx). Ideally these are symmetrically divided among the six
arms. Hence, the arm currents are defined as in (2.25) and (2.26).

ipx =
idc
3

+
igx
2

+ izx (2.25)
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Figure 2.6: Modular Multilevel Converter Arm Average Model

inx =
idc
3

− igx
2

+ izx (2.26)

The circulating current originates from voltage imbalances and harmonic inter-
action between the upper and lower arms, as well as imperfections in component
design. Its value is obtained from the Common-Mode (CM) current definition
between upper and lower arms in each phase, yielding

icmx =
ipx + inx

2
=

idc
3

+ izx (2.27)

Furthermore, the CM-currents consist of two parts: DC-current which is equally
distributed over all three phases and the circulating current. Rearranging (2.27),
the circulating currents are given by

izx = icmx −
idc
3

(2.28)

This current only circulates within the MMC and does not influence its input or
output waveforms. Hence the relation in (2.29) yields∑

x∈{a,b,c}

izx = 0 (2.29)

Referring to the KVL, six different loops are identified and represented in Figure
2.8. The solid lines represent the upper arm related loops (M1−3), while the
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Figure 2.7: MMC KCL analysis

dashed lines, the lower-arm related loops (M4−6). The resulting KVL equations
are generically formulated, yielding

−Udc

2
+Ldi̇dc+Rdidc+upx+Larmi̇px+Rarmipx+Lg i̇gx+Rgigx+Ugx+uno = 0 (2.30)

−Udc

2
+Ldi̇dc+Rdidc+unx+Larmi̇nx+Rarminx−Lg i̇gx−Rgigx−Ugx−uno = 0 (2.31)

The summation of (2.30) and (2.31) yields

−Udc+2Ldi̇dc+2Rdidc+upx+unx+Larm

(
i̇px + i̇nx

)
+Rarm (ipx + inx) = 0 (2.32)

and using the relation in (2.27)

−Udc+upx+unx+

(
2Ld +

2Larm

3

)
i̇dc+

(
2Rd +

2Rarm

3

)
idc+2Larmi̇zx+2Rarmizx = 0

(2.33)
is obtained. Similarly through subtraction of (2.30) and (2.31)

(upx − unx)+Larm

(
i̇px − i̇nx

)
+Rarm (ipx − inx)+2Lg i̇gx+2Rgigx+2Ugx+2uno = 0

(2.34)
and further use of (2.22) yields,

upx − unx + (Larm + 2Lg) i̇gx + (Rarm + 2Rg) igx + 2Ugx + 2uno = 0 (2.35)
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For control purposes, it is beneficial to separate the DC, Z, and AC components,
allowing their dynamics to be analyzed and characterized independently. The
decoupling of DC current is obtained by summing (2.33) for all phases, resulting
in

−Udc +
∑

x∈{a,b,c}

upx + unx

3
+

(
2Ld +

2Larm

3

)
i̇dc +

(
2Rd +

2Rarm

3

)
idc = 0 (2.36)

The circulating current in each phase is obtained by substituting (2.36) into
(2.33), leading toupx + unx −

∑
x∈{a,b,c}

upx + unx

3

 + 2Larmi̇zx + 2Rarmizx = 0 (2.37)

Finally, the AC current dynamic is contained in (2.35). Nevertheless, there is here
a dependency on uno, which is the average voltage of the three-phase outputs with
respect to the reference DC virtual ground [101] and is defined as

uno =
∑

x∈{a,b,c}

−upx + unx

6
(2.38)

Furthermore, consider the following relations, which simplify the dynamic equa-
tions above written. The passive elements are rearranged as,

Ldc = 2Ld +
2Larm

3
Rdc = 2Rd +

2Rarm

3
(2.39)

Lz = 2Larm Rz = 2Rarm (2.40)

Lac =
Larm

2
+ Lg Rac =

Rarm

2
+ Rg (2.41)

It is also helpful to define the CM voltage for the arm voltages of each as

ud0 =
∑

x∈{a,b,c}

upx + unx

3
(2.42)

which drives idc. Similarly, the differential arm voltages are used to drive igx,
yielding

∀x ∈ {a, b, c}, usx =
−upx + unx

2
(2.43)

Lastly, the voltage driving the circulating currents for each phase is defined as

∀x ∈ {a, b, c}, uzx = upx + unx −
∑

x∈{a,b,c}

upx + unx

3
(2.44)



2.2 Circuit analysis 33

Figure 2.8: MMC KVL analysis

Ultimately, the current dynamics are reduced to the following,

Ldci̇dc = −Rdcidc + Udc − ud0 (2.45)

∀x ∈ {a, b, c}, Lzi̇zx = −Rzizx − uzx (2.46)

∀x ∈ {a, b, c}, Laci̇gx = −Racigx + usx − uno − Ugx (2.47)

and form the simple equivalent circuits represented in Figure 2.9. It is worth
noting that, although the equivalent circuits describe seven different currents,
only five are controllable. This limitation arises from the circuit constraints in
(2.23) and (2.29).

Figure 2.9: External and internal MMC equivalent circuits: DC-side, Z-side and
AC-side
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2.3 State-space model

The MMC is a meshed MIMO system. In this section a state-space model is
developed, which serves as basis for development of a control algorithm.

2.3.1 Linear model

Building on the circuit analysis from the previous section, a Linear Time-Invariant
(LTI) state-space model in the form of (2.48) is developed to represent the current
dynamics. This derivation assumes that the arm voltages driving the current
dynamics operate as ideal controllable voltage sources.

ẋi(t) = Aixi(t) + Biui(t) + Eivi(t),

yi(t) = Cixi(t).
(2.48)

The physical current model includes seven current states (xi), six inputs, the
arm voltages (ui) and four measurable disturbances (vi), both being the AC- and
DC-grid voltages. Therefore, the following state, input and disturbance vectors
are defined as below.

xi,abc = [iga, igb, igc, iza, izb, izc, idc]
T

ui,abc = [upa, upb, upc, una, unb, unc]
T

vi,abc = [Uga, Ugb, Ugc, 0, 0, Udc]
T

(2.49)

Both circulating and AC current components have an oscillating nature. There-
fore, a change of coordinates via transformation between abc, stationary αβ0 or
rotating dq0 reference-frames can be applied. This reduces the system order to
be equal to the number of controllable currents. A geometrical interpretation
of these reference frames is given in [102], while the necessary transformation a
listed in Appendix A. As in previous works [103, 104, 105] stationary reference
frame is chosen and based on (A.1) and (A.3), (2.49) is updated accordingly,

xi,αβ = [igα, igβ, izα, izβ, idc]
T

ui,αβ = [upα, upβ, unα, unβ, ud0]
T

vi,αβ = [Ugα, Ugβ, 0, 0, Udc]
T

(2.50)

Consequently, the corresponding dynamic equations are updated, which are fi-
nally written in the vector form of (2.48). Hence, the system (Ai), input (Bi)
and disturbance (Ei) matrices are defined as in (2.51). All current states are
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measurable or easily obtained from available measurements, therefore yi = xi.

Ai = −diag

([
Rac

Lac

,
Rac

Lac

,
Rz

Lz

,
Rz

Lz

,
Rdc

Ldc

])

Bi =



− 1
2Lac

0 1
2Lac

0 0

0 − 1
2Lac

0 1
2Lac

0

− 1
Lz

0 − 1
Lz

0 0

0 − 1
Lz

0 − 1
Lz

0

0 0 0 0 − 1
Ldc


Ei = −diag

([
1

Lac

,
1

Lac

, 0, 0,− 1

Ldc

])
Ci = I

(2.51)

Analyzing the state matrix (2.51), it is clear that all system eigenvalues have
negative real parts and as a result the system is asymptotically stable [106].

2.3.2 Nonlinear model

Assuming the arm voltages to be ideally controllable sources simplifies the anal-
ysis of current states in the MMC topology. However, in practice, arm voltages
are limited in availability, as detailed in subsection 2.1.2. These voltages must
be actively controlled for the proper operation of the MMC. As a result, six
additional energy states (xw) must be incorporated into the model, representing
the energy stored in each arm. As shown in (2.8), these energy states are influ-
enced by the arm currents and the percentage of available voltage in each arm,
expressed through the modulation index (m) in (2.9). This modulation index
serves as the ambiguous control input for all states, making it logical to update
the input vector accordingly.

xw = [ucpa, ucpb, ucpc, ucna, ucnb, ucnc]
T

u = [mpa,mpb,mpc,mna,mnb,mnc]
T

(2.52)

Consider the auxiliary vector containing the six arm currents ipn.

ipn = [ipa, ipb, ipc, ina, inb, inc]
T (2.53)
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Now (2.8) can be written in a vectored form, yielding

ẋw =
u ⊙ ipn
Carm

. (2.54)

Making use of transformation in (A.16), the energy state dynamics become de-
pendent on the control input and chosen current state vectors, leading to

ẋw =
u ⊙ (Txi,pnxi,αβ)

Carm

. (2.55)

The element-wise multiplication between both vectors is non-linear. Now the
entire MMC model state vector is given by

x =

[
xi,αβ

xw

]
, (2.56)

while control input and disturbance (v = vi,αβ) vectors remain unchanged.Unlike
the previous linear model, the energy states only includes a forced component,
having no characteristic equation. As a result, the state equations for the entire
model are linear in the control inputs, making the system a control-affine system.
Further details on this class of dynamical systems can be found in [107, 108]. The
state-space representation of such systems yields

ẋ(t) = Ax(t) + B (x(t))u(t) + Ev(t),

y(t) = Cx(t).
(2.57)

where the input matrix is state-dependent and is further expressed as the Kro-
necker product between system states and control inputs. Its block diagram
representation is given in Figure 2.10.

Figure 2.10: Nonlinear state space model block diagram

Due to the introduction of (2.52), current dynamics are similarly affected. While
the unforced component of LTI model remains the same, the forced component
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must return to the abc frame to comply with the chosen energy states. This is
achieved using the transformation (A.17) and equations (2.9), it yields

ui,abc = TiC,ui · ui,αβ, (2.58)

For a three-phase four-wire system, an additional state ig0 must be included in
the current state vector, and the transformation in (2.55) is replaced by (A.15).
Finally, the entire state, input, disturbance and output matrices, describing the
entire system dynamics are given below.

Ai = −diag

([
Rac

Lac

,
Rac

Lac

,
Rno

Lno

,
Rz

Lz

,
Rz

Lz

,
Rdc

Ldc

])
A =

[
Ai 06×6

06×6 06×6

] (2.59)

Ei = −diag

([
1

Lac

,
1

Lac

,
1

Lno

, 0, 0,− 1

Ldc

])
E =

[
Ei 06×6

06×6 06×6

] (2.60)

C = Ci (2.61)

The matrices Bm(x) represent the state-dependent contribution of the modula-
tion signal of the m-th arm to the bilinear term. Therefore the index m denotes
the arm index of the MMC and identifies the modulation input vector um. For
m ∈ {1, . . . , 6}, the indices correspond to the arms pa, pb, pc, na, nb, and nc,
respectively.

B(x)u =
6∑

m=1

Bm(x)um,

Bm(x) =


06×6

[
06×(m−1) Bmi 06×(6−m)

]0(m−1)×6

Bmw

0(6−m)×6

 06×6

 ·
[
xi

xw

]

B1i =

[
− 1

3Lac

, 0,− 1

6Lac

,− 2

3Lz

, 0,− 1

3Ldc

]T
B2i =

[
1

6Lac

,−
√

3

6Lac

,− 1

6Lac

,
1

3Lz

,−
√

3

3Lz

,− 1

3Ldc

]T

B3i =

[
1

6Lac

,

√
3

6Lac

,− 1

6Lac

,
1

3Lz

,

√
3

3Lz

,− 1

3Ldc

]T
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B4i =

[
1

3Lac

, 0,
1

6Lac

,− 2

3Lz

, 0,− 1

3Ldc

]T
B5i =

[
− 1

6Lac

,

√
3

6Lac

,
1

6Lac

,
1

3Lz

,−
√

3

3Lz

,− 1

3Ldc

]T

B6i =

[
− 1

6Lac

,−
√

3

6Lac

,
1

6Lac

,
1

3Lz

,

√
3

3Lz

,− 1

3Ldc

]T

B1w =
1

Carm

[
1

2
, 0,

1

2
, 1, 0,

1

3

]
B2w =

1

Carm

[
−1

4
,

√
3

4
,
1

2
,−1

2
,

√
3

2
,
1

3

]

B3w =
1

Carm

[
−1

4
,−

√
3

4
,
1

2
,−1

2
,−

√
3

2
,
1

3

]

B4w =
1

Carm

[
−1

2
, 0,−1

2
, 1, 0,

1

3

]
B5w =

1

Carm

[
1

4
,−

√
3

4
,−1

2
,−1

2
,

√
3

2
,
1

3

]

B6w =
1

Carm

[
1

4
,

√
3

4
,−1

2
,−1

2
,−

√
3

2
,
1

3

]
(2.62)

2.4 Open-loop control

The accuracy of the AAM principle is fundamentally dependent on precise arm
voltage modulation [109]. Similar to other inverter and rectifier topologies, PWM
is typically employed to achieve the desired voltage modulation. A comparative
review of various carrier-based PWM algorithms is presented in [77], highlighting
differences in voltage quality under varying operating conditions. Despite these
differences, all modulation strategies essentially implement (2.7). The digital im-
plementation of these strategies plays a critical role in determining their precision
[110]. Furthermore, accurate voltage modulation is unattainable without ensur-
ing proper balancing of the capacitor voltages within the arm [111]. Commonly,
sorting-based algorithms are responsible for this task [112] and are embedded in
the arm modulation process as illustrated in Figure 2.11.

A flowchart illustrating the balancing algorithm is shown in Figure 2.12. Within
each arm, during every switching period (Tsw), the submodule capacitor voltages
and arm current are measured. The modulator determines the number of sub-
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Figure 2.11: Arm voltage modulation overview

modules to be inserted in that switching period. Referring to Table 2.1, for an
arm containing HB-SM, the direction of the current dictates the sorting order
of the submodules. The sorting algorithm ranks the submodules based on their
charge levels, producing a list of indices. Subsequently, the switching functions
are reassigned accordingly. For example, when the arm current is positive, the
submodules with the lowest charge levels are assigned the highest priority indices,
leading to their insertion for charging. In contrast, for negative currents, the op-
posite occurs. In the case of FB-SM, an inverse logic is applied when negative
arm voltages are required (Table 2.2).

The design and implementation of balancing algorithms is itself a research topic.
Further proposed analysis, methodologies and improvements are presented in
[113, 114, 115, 116, 117, 118].

To confirm the suitability of the arm modulator and balancing algorithm, a com-
parison between an AAM and SWM is carried out. The SWM is an accurate
representation of a real MMC system, as it takes into account the switching
actions of the number of submodules used per arm. Therefore it embeds the
structure in Figure 2.11. Consider now the MMC prototype in section 5.1, sup-
plying a resistive load connected its AC terminals in open-loop operation. In
order to supply an sinusoidal current, the modulation index of each are chosen
accordingly [119], yielding

mpx (t) =
1 −msx (t)

2

mnx (t) =
1 + msx (t)

2

, (2.63)
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Figure 2.12: Balancing algorithm for submodule voltage balancing
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where as

msa (t) = m̂s cos (ωt)

msb (t) = m̂s cos

(
ωt− 2π

3

)
msc (t) = m̂s cos

(
ωt +

2π

3

). (2.64)

Essentially, the MMC common-mode voltage ud0 is regulated close to Udc, while
the differential-mode voltage usx follows the references in (2.63). Its peak ampli-
tude depends on the chosen modulation index and can reach at most ud0

2
. The

prototype is modeled using the software PLECS [120] as AAM and SWM. Both
simultaneously receive the reference (2.63) with m̂s = 0.75. The resulting arm
voltages are given in Figure 2.13 for phase a. Due to the limited 7L resolution of
each arm, the SMs must be switched at a much higher frequency than the fun-
damental to be able to achieve the waveform quality performance of the AAM.
Naturally, as the Nsm increases, less switching actions are necessary. Typically
in HVDC application, where each arm includes Nsm ≥ 100, the Nearest Level
Modulation (NLM) is followed and the submodules switch at the fundamental
frequency [121, 122, 123].

0.3 0.305 0.31 0.315 0.32 0.325 0.33 0.335 0.34
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Figure 2.13: Arm voltage modulation resulting waveforms

The balancing algorithm described in Figure 2.12 is chosen to operate at an
average switching frequency of 1 kHz, assures all six submodules are well balanced,
as inspected in Figure 2.14 for the upper arm in phase a. It worth to notice,
the average capacitor voltage in the arm (usm,Avg) reassembles very closely the
available arm voltage uCarm. Furthermore the resulting currents and changes in
the available arm voltages of both models are compared in Figure 2.15. At first,
one notices both models perform very similarly. Ideally, only DC- and AC-side
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Figure 2.14: Balancing algorithm effect on SM voltage for an arm

currents would be expected. In that case the arm currents would yield,

ipa(t) =
Idc
3

+
Îg
2

cos (ωt)

ina(t) =
Idc
3

− Îg
2

cos (ωt)

(2.65)

for phase a (as an example). Inserting (2.63) and (2.65) in (2.8) would ori-
gin a second harmonic ripple in uCarm when integrated. This is explained by
trigonometric relations highlighted in (A.20), (A.21) and visible in Figure 2.14.
Furthermore this second harmonic will induce a second harmonic component in
the circulating current, visible in Figure 2.15. This interaction between oscillat-
ing components further results in less significant higher harmonic content on the
available arm voltage and circulating currents. This is well presented in [124].
Lastly, the switching actions in the SWM lead to high frequency components in
the current waveforms, which is unavoidable [125, 126]. However, both average
and fundamental components, hence the main interesting components, remain
unaffected. In summary, the AAM represents well the SWM. Therefore, for next
sections only AAM will be considered, avoiding the burden and details of the
SWM.

2.5 Closed-loop control

The previous analysis was carried out for an arbitrary modulation reference,
disregarding state or output tracking functionality, enough to verify the MMC
steady-state operation. Depending on the application, several reference waveform
are to be tracked. To achieve this, a proper control algorithm must be designed.
In general any control algorithm should offer the following features [106]:
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Figure 2.15: Comparison between AAM and SWM models
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Table 2.3: Summary of control objectives in MMC

Reference Nature Objective DOF

igx AC Tracking 2
izx DC+AC Regulation + Tracking 2
idc DC Tracking 1
upx DC+AC Tracking 3
unx DC+AC Tracking 3

� Stability – ensure the system returns to equilibrium or desired operation
after a disturbance.

� Accuracy – achieve the desired reference value with minimal error.

� Robustness – ability to maintain performance despite uncertainties, param-
eter variations, or external disturbances.

� Responsiveness – desired transient response, avoiding overshoots.

Ideally, the 3PH-MMC main control objectives and available DOF can be sum-
marized in Table 2.3 [127, 128, 129]. Besides being a highly meshed non-linear
system, the mixed nature of its references requires a complex control strategies.

Figure 2.16: Cascaded control structure of grid-connected MMC

Based on the assumption that the energy dynamics are slower than the current
dynamics, the linear cascaded-control structure represents the majority of control
schemes applied to a grid-connected MMC [130]. A block diagram of this cas-
caded structure in represented in Figure 2.16. In such, an energy-power outer loop
generates the current references to be tracked by an inner loop, which typically
contains Proportional Integral (PI) or Proportional Resonant (PR) based linear
controllers [131]. Each PI or PR controller generates a voltage reference to be
modulated [132], which will reduce the difference between the measured current
and its reference. Alternatively, linear state-feedback-based MIMO controllers
consider the current coupling terms and improve the overall system behavior
[133]. In both cases, zero error steady-state is achieved, while good dynamic per-
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formance is only obtained at a limited linear range around an operation point. To
attain high dynamic performance across the entire operation range, the nonlinear
nature of the topology must be taken into account.

The use of MPC to design a multi-variable optimal controller, has been reported
as a promising strategy to deal with the MMC model nonlinearities, providing
fast dynamics and constrained operation [134]. However, MPC strategies im-
plemented so far have a high computational burden and therefore haven’t been
implemented in practice for longer horizons [135]. Widely proposed, are single-
prediction step implementations. However these are restricted to a low Nsm. A
higher Nsm, results in a large integer optimization problem not easily solvable on-
line, despite many efforts reducing its computational burden [136]. A piecewise
Linear Quadratic Regulator (LQR) solution with similar performance [134] is pre-
sented in [137]. A similar solution, Lyapunov-based state feedback is presented
in [138]. In the previous schemes, the response to an energy imbalance situation
is not reported. An identical approach with an integrated strategy for current
control, energy control, and energy balancing is presented in [139]. These last
two methods are based on optimal state-dependent feedback around linearized
energy operating points, resulting in a rather complicated tuning process.

Relying on the widely used cascaded structure, a current control strategy for a
single-phase (1PH) MMC based on IOFL technique has been proposed in [140].
Using this technique both linear and nonlinear terms are decoupled for the whole
operation range and the controller design becomes straightforward for the result-
ing linearized system. For a three-phase (3PH) MMC, the authors in [141] use
IOFL to decouple the MMC’s internal dynamics and directly control the grid
power exchange. Opposite to [142], 3PH modelling philosophy is considered. In
the per-phase modelling philosophy, the MMC phases are independently mod-
elled so as the resulting circulating current dynamics. This modelling philosophy
highly simplifies the Feedback Linearization Law (FBL) derivation. However,
it is only useful in perfectly balanced situations [143]. Despite of increasing the
model complexity, by considering 3PH philosophy, the coupling between phases is
considered and the effect of energy- and grid- unbalances are taken into account.
For this case, the FBL has not been considered so far and shall be investigated
in the next section.
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3 Power Decoupling Capability

This section explores a unique feature of the MMC, focusing on its capability to
achieve power decoupling between DC and AC grids. Unlike conventional DC-AC
converter topologies, this functionality allows the power input and output sides
to exhibit distinct dynamic behaviors in response to transient phenomena. The
discussion begins with an overview of the general concept, followed by an expla-
nation of the selected control algorithm, to simply achieve the proposed function.
Additionally, simulation and experimental results are presented to validate the
introduced concepts.

3.1 Concept

As mention in 1.1.2, interfacing DC and AC grids is done with IPCs. Besides the
difference in nature of both grids, its interface should be seamless and resilient
[71]. Opposite to traditional DC-AC converter topologies [144], the MMC offers
extra DOF (energy states) with its distributed capacity energy storage. Through
control, these can generate controlled circulating currents capable of canceling
continuous or oscillating components originated either from the DC- or AC-grids
and avoid their propagation from one side to another [145]. Alternatively, the
topology can be seen as an aggregation of a DC-DC converter with a seperate
DC-AC converter interfaced by a self-regulated energy storage system [146]. Tak-
ing into account the total capacitance of the MMC in (2.20) and the equivalent
circuits represented in Figure 2.9, a simplified representation of energy buffering
capability is given in Figure 3.1. Mathematically this concept is demonstrated
by (3.1), where as Pin and Pout depend on the power flow direction.

Pin = Pout + PMMC + Ploss (3.1)

For simplicity, a lossless inverter mode operation is considered, i.e. Pin = Pdc and
Pout = Pac. In rectification mode, the roles of input and output power are simply
reversed. Considering (2.21), (3.1) is rewritten as

ẆMMC = PMMC = Pdc − Pac, (3.2)

47
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demonstrates that the rate of energy stored in MMC is dependent on a balanced
power flow between both grids. By manipulation of the modulation indexes within
vector u, ud0 and usx are simultaneously adjusted, s.t. the desired power flow is
achieved in both grid interface circuits. Furthermore, adjusting uzx will assure
that circulating currents balance the energy in the arms. In previous works,
this capability has primarily been utilized to dampen low-frequency oscillations
(0.1–25 Hz) in the AC grid, while preventing their propagation to the DC side
[145, 147, 148]. Similar advantages have been demonstrated in [127, 130] dur-
ing unbalanced grid operation. This buffering functionality has been reported
to enhance grid-forming operations provided by wind turbine collectors in [146,
149]. Authors in [150, 151] have mitigated the high-amplitude harmonic content
induced by high-power DC pulsed loads in the AC grid, using the distributed
energy storage capability.

Figure 3.1: Simplified representation of the MMC energy buffering capability

During power dispatches or disturbances, conventional DC-AC converter topolo-
gies cause both grids to experience identical transient responses. This section
explores how the buffering storage capability of the MMC can be utilized to de-
couple these responses, enabling distinct transient behavior on each side of the
grid. A generic example, shown in Figure 3.2, illustrates the simplicity of this
approach. Consider a controlled grid-connected MMC capable of tracking any
specified power reference. During a power dispatch event, the AC grid demands
a fast transient response, while the DC grid interprets it as a load disturbance,
benefiting more from a slower response. Nevertheless, the principle of power bal-
ance must remain intact. Here, the MMC would manage this deficit by rapidly
compensating the difference using the energy stored in its capacitors. This en-
ergy is then restored gradually, allowing the system to return to its steady-state
reference.

To achieve this behavior, the grid-connected MMC must behave as the equivalent
circuit shown in Figure 3.1. In other words, it must be fully controlled such
that the desired references are independently tracked with the desired dynamic
performance. Simultaneously, the energy stored must not overpass its limitations,
i.e. violate (2.11) nor surpass the capacitors rated voltage. This applies for all six
arms. Therefore it is foreseen, that the initial timing of the power step response
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Figure 3.2: Power decoupling concept for a power dispatch

disrupts the stored energy in the arms unevenly. Consequently, a precise energy
controller is essential. The following sections will present the control algorithm,
capable of validating the power decoupling feature.

3.2 Current controller

As the MMC is a highly coupled MIMO nonlinear system, classical linear con-
trollers only achieve zero steady-state error and good dynamic performance at a
limited linear range around an operation point. Else, its dynamic performance
highly depreciates. As represented in Figure 3.3, in this section the Input-Output
Feedback Linearization technique is used to decouple the meshed state-dependent
inputs of the grid-connected MMC current dynamics model. Afterwards, the
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controller design is much simpler, which will impact the design of outer loop con-
troller. This method allows independent control the of DC-, AC-, and Z- currents
with desired performance through the whole operation range.

Figure 3.3: Research topic of this section

3.2.1 Feedback linearization

The system given in subsection 2.3.2 describes the MMC as a meshed control-
affine MIMO system. Alternatively, such can be generically represented by

ẋ = f(x) +
m∑
1

gm(x)um

y = h(x) =
[
h1(x) . . . hp(x)

]T (3.3)

where x ∈ Rn, u ∈ Rm and y ∈ Rp. The idea behind the IOFL technique is
to find a feedback law for the inputs u such that the dynamic relation between
the outputs y and virtual inputs γ are linear [107, 108]. For the SISO case
(m = p = 1), the feedback linearization law is given by

u = α(x) + β(x)γ (3.4)

Differentiating of the output once yields

ẏ =
∂h

∂x
[f(x) + g(x)u] = Lfh(x) + Lgh(x)u, (3.5)

where Lfh(x), Lgh(x) are Lie derivatives. For Lgh(x) ̸= 0, (3.4) can be used to
linearize input-output relation. If Lgh(x) = 0, the output y is independent of u
and the differentiation of y has to be repeated until the control input u appears
in the ρ th-order derivative of y. Hence, ρ is called the relative degree of the
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dynamic system. In case ρ < n, there exist n− ρ unobservable states which have
no influence on y. These states are called internal dynamics and must be further
investigated. The linearized closed loop system is said to be stable, if the internal
dynamics are asymptotically stable. In case ρ = n, no internal dynamics exist
and the system is exactly input–output linearizable. Furthermore, after applying
the feedback linearization law, the linearized system is equivalent to a ρ th-order
chain of integrators. Afterwards, a linear controller can be designed to bring the
system to the desired reference point. This is well represented in Figure 3.4. An
application of the IOFL for a SISO system (Boost Converter) is given in [152].

(a) Application of feedback linearization function

(b) Resulting equivalent linear circuit

Figure 3.4: Block diagram of SISO Input-Output Feedback Linearization

The IOFL technique can be extended for MIMO systems [153], where the feedback
control law is given by

u = DL(x)−1 [γ −AL(x)]

AL(x) =
[
Lρ1
f h1(x) . . . Lρn

f hp(x)
]T

DL(x) =

Lg1L
ρ1−1
f h1(x) . . . LgmL

ρ1−1
f h1(x)

...
. . .

...

Lg1L
ρm−1
f hp(x) . . . LgmL

ρm−1
f hp(x)


γ =

[
γ1 . . . γm

]T
(3.6)

where ρ1, . . . , ρm are the relative degrees of the outputs y1, . . . , ym. Note that the
matrix DL(x) has to be non-singular such that the inverse of the matrix exists.

When applying the IOFL technique to the bilinear MMC system, the number of
linearizable outputs cannot exceed the number of inputs, i.e. p = m. Due to the
fact that the current states have faster dynamics then the energy related states,
the current states are the target outputs for the IOFL. As a result the output
function h(x) is given by
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h(x) =
[
I6×6 0(6×6)

] [xi

xw

]
(3.7)

For the given h(x), differentiating y yields

ẏ = ẋi (3.8)

where the control input u appears in the first derivative, giving a relative degree
for each input-output relation equals to one. By comparing (2.57) with (3.3),
f(x) and

∑m
1 gm(x)um has to be equal to

f(x) = Ax + Ev
m∑
1

gm(x)um =
m∑
1

Bm(x)um

(3.9)

For m = p = 6 and ρ1, . . . , ρ6 = 1, the structures of AL(x) and DL(x) are given
by

AL(x) =
[
Lfh1(x) Lfh2(x) Lfh3(x) Lfh4(x) Lfh5(x) Lfh6(x)

]T
(3.10)

DL(x) =


Lg1h1(x) Lg2h1(x) Lg3h1(x) Lg4h1(x) Lg5h1(x) Lg6h1(x)
Lg1h2(x) Lg2h2(x) Lg3h2(x) Lg4h2(x) Lg5h2(x) Lg6h2(x)
Lg1h3(x) Lg2h3(x) Lg3h3(x) Lg4h3(x) Lg5h3(x) Lg6h3(x)
Lg1h4(x) Lg2h4(x) Lg3h4(x) Lg4h4(x) Lg5h4(x) Lg6h4(x)
Lg1h5(x) Lg2h5(x) Lg3h5(x) Lg4h5(x) Lg5h5(x) Lg6h5(x)
Lg1h6(x) Lg2h6(x) Lg3h6(x) Lg4h6(x) Lg5h6(x) Lg6h6(x)


(3.11)

with Lρm−1
f hp(x) = hp(x), since ρm = 1 for m = 1, 2, . . . , 6. Exemplary, the first

elements of AL(x) and DL(x) can be calculated as

Lfh1(x) =
∂h1(x)

∂x
f(x) =

[
1 0 0 0 0 0

]
f(x) = −Rac

Lac

igα (3.12)

Lg1h1(x) =
∂h1(x)

∂x
g1(x) =

[
1 0 . . . 0

]
B1(x) = − ucpa

3Lac

(3.13)

and repeating the previous calculation for all elements, AL(x) and DL(x) are
given by
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AL(x) =



−Rac

Lac
igα − 1

Lac
Ugα

−Rac

Lac
igβ − 1

Lac
Ugβ

−Rno

Lno
ig0 − 1

Lno
Ug0

−Rz

Lz
izα

−Rz

Lz
izβ

−Rdc

Ldc
idc + 1

Ldc
Udc


(3.14)

DL(x) =



− ucpa

3Lac

ucpb

6Lac

ucpc

6Lac

ucna

3Lac
− ucnb

6Lac
− ucnc

6Lac

0 −
√
3ucpb

6Lac

√
3ucpc

6Lac
0

√
3ucnb

6Lac
−

√
3ucnc

6Lac

− ucpa

6Lno
− ucpb

6Lno
− ucpc

6Lno

ucna

6Lno

ucnb

6Lno

ucnc

6Lno

−2ucpa

3Lz

ucpb

3Lz

ucpc

3Lz
−2ucna

3Lz

ucnb

3Lz

ucnc

3Lz

0 −
√
3ucpb

3Lz

√
3ucpc

3Lz
0 −

√
3ucnb

3Lz

√
3ucnc

3Lz

− ucpa

3Ldc
− ucpb

3Ldc
− ucpc

3Ldc
− ucna

3Ldc
− ucnb

3Ldc
− ucnc

3Ldc


(3.15)

Inserting (3.14) and (3.15) into (3.6) yields

u =


map

mbp

mcp

man

mbn

mcn

 =



− Lac

ucpa
0 − Lno

ucpa
− Lz

2ucpa
0 − Ldc

2ucpa

Lac

2ucpb
−

√
3Lac

2ucpb
− Lno

ucpb

Lz

4ucpb
−

√
3Lz

4ucpb
− Ldc

2ucpb

Lac

2ucpc

√
3Lac

2ucpc
− Lno

ucpc

Lz

4ucpc

√
3Lz

4ucpc
− Ldc

2ucpc

Lac

ucna
0 Lno

ucna
− Lz

2ucna
0 − Ldc

2ucna

− Lac

2ucnb

√
3Lac

2ucnb

Lno

ucnb

Lz

4ucnb
−

√
3Lz

4ucnb
− Ldc

2ucnb

− Lac

2ucnc
−

√
3Lac

2ucnc

Lno

ucnc

Lz

4ucnc

√
3Lz

4ucnc
− Ldc

2ucnc



·




γ1
γ2
γ3
γ4
γ5
γ6

−



−Rac

Lac
igα − 1

Lac
Ugα

−Rac

Lac
igβ − 1

Lac
Ugβ

−Rno

Lno
ig0 − 1

Lno
Ug0

−Rz

Lz
izα

−Rz

Lz
izβ

−Rdc

Ldc
idc + 1

Ldc
Udc





(3.16)

Finally, it is feasible to apply the IOFL law in the form of (3.6), such that the
nonlinearities and phase relations are decoupled within the MMC current model.
For this case, the resultant transformation is given as (3.16). Note that the
available arm voltages are a common denominator and must be greater than 0
for the transformation to be valid. Physically, if no energy is available in the
arms, there won’t be enough usable voltage to drive the desired currents. After
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applying (3.16) a simple independent linear relation is obtained between the new
control inputs to choose and each output current, yield a new equivalent system,


ẏ1
ẏ2
ẏ3
ẏ4
ẏ5
ẏ6

 =



i̇gα
i̇gβ
i̇g0
i̇zα
i̇zβ
i̇dc

 =


γ1
γ2
γ3
γ4
γ5
γ6

 (3.17)

accomplishing the desired linear input-output relation. Similar to the SISO case,
the corresponding block diagram is given in Figure 3.5.

(a) Application of feedback linearization function

(b) Resulting equivalent linear circuit

Figure 3.5: Block diagram of MIMO Input-Output Feedback Linearization ap-
plied to the MMC model

The new virtual inputs are chosen as the corrected error between desired refer-
ences (y∗) and measured outputs, as given in (3.18).

γm := Gcm (y∗m − ym) , ∀m (3.18)

where Gcm denotes the function of the independent controller for the m-th output.
The design of Gcm is discussed in a coming subsection. However first, the internal
dynamics of the remaining states must be verified to validate the usage of the
derived IOFL law.

3.2.2 Internal dynamics

Once the IOFL is derived, it is essential to confirm the stability of the internal
dynamics. The nonlinear model of the MMC is n = 12 dimensional and its relative
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degree ρ =
∑

ρi = 6. Hence there are n− ρ = 6 unobserved states to investigate,
which are the energy-related states (xw). To accomplish this, the influence of
the output vector is disregarded. As the xw have no unforced component, an
inconclusive result is obtained (3.19), in terms of pure stability analysis.

y = 0 =⇒ xi = 0

xw =
xi · u
Carm

=⇒ xw = 0
(3.19)

Alternatively, the resultant IOFL law (3.16) is applied to the original system
(2.57) as state feedback yielding

ẋ = Ax + B(x)
(
DL(x)−1 [γ −AL(x)]

)
+ Ev (3.20)

Isolating xw in (3.20) results in

ẋw = B(x)
(
DL(x)−1 [γ −AL(x)]

)
(3.21)

Assuming the deployed controller tracks well the current references (ẏ = γ = 0),
the internal dynamics are expressed by (3.22).

ẋw = −B(x)DL(x)−1AL(x) (3.22)

A well-balanced open star point at the AC-grid side is assumed, and circulating
current references are set to zero. Else, a more complete derivation is given in
Appendix B. Furthermore, the following conditions yield,

Ugα = Ûg cos(ωt)

Ugβ = Ûg sin(ωt)

Ug0 = 0

ig0 = 0

izα = 0

izβ = 0

(3.23)

For simplicity, only the first energy-related state is extended for this analysis.
However, the following methodology can be similarly applied to the rest of the
vector xw.

u̇cpa =
1

Carmucpa

(
Udcidc

2
−

Raci
2
gα

2
− Rdci

2
dc

2
− Ugαigα

2

+
Udcigα

4
− Ugαid0 −Racigαidc −

Rdcigαidc
4

)
=

Ppa

Carmucpa

(3.24)
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Assuming an operation point ucpa ̸= 0 and taking into consideration the trigono-
metric relations (A.20) and (A.21), it is clear that the instantaneous power flowing
in the arm is only responsible for the change of the available voltage in its own
arm capacitors. In (3.25) the power flow in one arm is further expressed in DC-
and AC-terms.

Pap = P̄ap + P̃ap

Pap =
Pdc

6
− Ploss −

Pac

6︸ ︷︷ ︸
Pap−DC

+P50 + P100 + Phof︸ ︷︷ ︸
Pap−AC

(3.25)

As long as the input power compensates for the output power transferred to the
AC grid and the generated conduction losses, i.e. power balance, no DC-terms
will appear in (3.24), preventing a change in average voltage, which is coherent
with (3.1). The remaining oscillating power, mainly at 50 Hz and 100 Hz, leads
to periodic oscillations around the average voltage, as exemplified in Figure 2.14.
These oscillations are limited in amplitude, keeping the internal dynamics of the
system stable when power is balanced. In other words, since Parm is bounded
in amplitude and results in a bounded voltage oscillation, the system can be
assumed as Bounded Input Bounded Output (BIBO) stable [154]. In summary,
the MMC internal dynamics are BIBO-stable under power-balanced conditions.
Additionally from (3.25) a byproduct of this analysis are the conduction losses in
each arm for steady-state operation.

3.2.3 Linear controller

In this subsection a linear controller for the solely purpose of reference tracking
with desired transient performance is designed, according to Table 2.3. Assuming
the currents in α and β should perform equally, three independent controllers are
to be designed and their resulting close loops are represented in the figure below.

It is desired that every closed-loop behaves as a first order system. This provides
simplicity, no overshoot during transient responses and a single tuning parameter
for each loop [155].
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Figure 3.6: Current reference tracking independent closed-loops

DC-grid current

Starting with the DC current loop, its closed-loop,

Gid(s) =
Gcd(s)

s

1 + Gcd(s)
s

(3.26)

is to be matched with the desired closed loop transfer function

G∗
id(s) =

ωdc

s + ωdc

, (3.27)

Solving for Gcd(s), the controller yields,

Gcd(s) = ωdc = 2πfdc =
2π

tdc
(3.28)

which results in a simple proportional term. Simultaneously, this is the only
tuning parameter. Hence, tdc denotes the desired settling time of the current in
the step response. For instance, by choosing fdc = 50 Hz, the desired current
reaches its steady state after 20 ms. The step responses for arbitrarily different
transient responses are shown in Figure 3.7.

AC-grid current

For the AC-grid currents it would be desirable to apply the same procedure as
outlined in the previous section. However, the Internal Model Principle (IMP)
states that to achieve precise tracking of a particular class of signals, a control
system must embed within its structure a representation of the dynamics that
characterize those signals. In the case of sinusoidal signals, this implies that the
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Figure 3.7: Resulting step response with different desired transient times

controller must incorporate the inherent dynamics responsible for producing the
sinusoidal behavior [156]. Although resonant controllers are a common choice,
these require additional terms to obtain the desired transient performance as in
the previous subsection [155]. Furthermore, it is not straightforward for digital
implementation [157]. Alternatively, a change of reference frame is a widely
adopted solution [158].

Using the coordinate transformation (A.5), the current sub-vector is mapped from
the stationary αβ frame to the rotating dq frame as:

igdq = TR,1+igαβ. (3.29)

Differentiating and using the product rule, it yields:

i̇gdq = ṪR,1+iαβ + TR,1+i̇gαβ. (3.30)

Substituting the relation of (3.17) in (3.30)

i̇gdq = ṪR,1+igαβ + TR,1+γ1,2, (3.31)

and rewritten as
i̇gdq = ṪR,1+TR,1−igdq + TR,1+γ1,2. (3.32)

Computing the product,

ṪR,1+TR,1− = θ̇

[
− sin(θ) cos(θ)
− cos(θ) − sin(θ)

] [
cos(θ) − sin(θ)
sin(θ) cos(θ)

]
(3.33)

which simplified yields,

ṪR,1+TR,1− = ω

[
0 −1
1 0

]
, (3.34)

where ω = θ̇ is the angular speed of the rotating frame, commonly estimated
using Phase-Locked-Loop (PLL) algorithms. A comprehensive review of existing
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techniques can be found in [159]. Substituting (3.34) into (3.32) results,

i̇gdq = ω

[
0 −1
1 0

]
igdq + TR,1+γ1,2. (3.35)

Let γgdq = TR,1+γ1,2, the control inputs transformed into the dq frame. The final
dynamics become:

i̇gdq = ω

[
0 −1
1 0

]
igdq + Iγgdq. (3.36)

After this change of coordinates, the original sinusoidal reference signals are now
DC in nature. Therefore a controller similar to the one designed in the previous
subsection can be designed. The new system (3.36) is in the state-space form and
in order for closed-loop system to behave as a first-order system, a state feedback

γgdq = −Ksgigdq, (3.37)

should applied such,

Acl,gdq = (Agdq −BgdqKsg) = Iωac, (3.38)

where ωac is the tuning parameter for this loop. Solving for Ksg the state feedback
matrix gains are obtained:

Ksf =

[
ωac ω
−ω ωac

]
(3.39)

The chosen state feedback modifies the system dynamics to place poles at desired
locations. However, it does not guarantee that the output follows the reference
i∗gdq. Using the feedforward term

Kfg = −
(
Cgdq (Agdq −BgdqKfg)

−1Bgdq

)−1
=

[
ωac 0
0 ωac

]
, (3.40)

ensures accurate reference tracking without steady-state error [106]. Notice, the
decoupling terms in Ksg are only dependent on the measured angular frequency
and not on the plant parameters, as typically found in most controllers working in
the rotating dq frame. This makes the reference tracking controller less susceptible
to plant uncertainties [160]. A block of the overall resulting structure is given
below.

Considering the chosen controller and a desired transient response fac = 50 Hz,
the obtained step responses are illustrated in both rotating and stationary frames
in Figure 3.9, match the same performance as in Figure 3.7.
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Figure 3.8: AC-grid current controller block diagram
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(a) Rotating reference frame
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Figure 3.9: Resulting step response for the AC-grid controller

Circulating current

The control of the circulating current is divided in two parts. The current re-
sponsible for energy exchange in between phases has a DC nature and therefore is
designed according to (3.28). For the correct vertical energy exchange, only pure
AC currents are allowed. Therefore, the structure in Figure 3.8 is considered. Af-
terwards, the output of both is combined in a single output for each phase γ4,5.
As reviewed in [161], the parallel combination of both DC and AC components
implies a challenging control design for a desired performance under reference
tracking. However, most important is to stabilize the circulating current through
correct pole placement, i.e. the tuning parameter ωz. The energy controller is
responsible for defining the current reference to be followed, as it be explained in
the next sections. Nevertheless, during operation the circulating current is not
expected to be non-zero at steady state.
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3.3 Extended disturbance observer

The feedback control law and controller design, based on the feedback-linearized
model, were derived under the assumption that the system parameters were
known. However, in practice, deviations from the nominal parameter values–
referred to as parameter uncertainties–are inevitable. To address this, a Disturbance
Observer (DOB) [162] is employed to enhance the robustness of the IOFL. By
estimating and compensating for external disturbances and modeling uncertain-
ties, the DOB ensures that the control system remains robust and effective, even
in the presence of these challenges. Ideally, given the inherently nonlinear na-
ture of the original system, a Nonlinear Disturbance Observer (NDOB) could
have been implemented. However, the research conducted in [163] resulted in
a state-dependent solution that proved to be highly complex and non-intuitive
to design. Alternatively, an EDOB is considered, which utilizes the feedback-
linearized model obtained via IOFL, simplifying the design procedure.

Since the target outputs of the IOFL are the current states, the disturbance
observer is formulated on the corresponding output dynamics. To account for
external disturbances and internal disturbances caused by model uncertainties
[164], the MIMO system in (2.57) is augmented by a lumped disturbance term

ẋ = Ax + B(x)u + Ev + Bdd. (3.41)

With the output definition
y = xi = Cix, (3.42)

the disturbed output dynamics are obtained as

ẋi = CiAx + CiB(x)u + CiEv + CiBdd. (3.43)

Substituting the control law from (3.16), the nominal dynamics are transformed
by IOFL into

ẋi = γ + dℓ, (3.44)

where
dℓ := CiBdd = Bdd. (3.45)

Assuming current-wise decoupling, the disturbance contribution in each state
is represented by an equivalent lumped disturbance term [165], such that its
dynamics become

ẋi,m = γm + Bdmdℓ,m, m = 1, 2, . . . , 6. (3.46)

For estimating the lumped disturbance in each channel, an Extended State Ob-
server (ESO) is designed. Firstly, the state space model is augmented to include
the lumped disturbances ρm = dℓ,m, yielding
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[
ẋi,m

ρ̇m

]
=

[
Am Bdm

0 Aρm

] [
xi,m

ρm

]
+

[
Bm

0

]
γm, ym =

[
Cm 0

] [xi,m

ρm

]
(3.47)

where Aρm is a model of the disturbances and Bdm describe how the disturbance
vector influences the current state. For describing DC- and AC-disturbances,
the disturbance state ρm is further expanded by states including constant distur-
bances ρ̄m and harmonic disturbances, where ρm,ωg corresponds to disturbances
at the fundamental grid frequency ωg, and ρm,2ωg captures second-order harmonic
disturbances. Therefore, a oscillator based model is utilized describing the con-
stant and harmonic disturbances [161]. In relation to the IOFL, the resulting
independent plant for each current provides a major advantage with the original
solution, as the design of the ESO can be done independently for each current
state.

Aρm =


0 0 0 0 0
0 0 0 1 0
0 0 0 0 1
0 −ω2

g 0 0 0
0 0 −4ω2

g 0 0

 (3.48)

The extended disturbance state is given by

ρm =


ρ̄m
ρm,ωg

ρm,2ωg

ρ̇m,ωg

ρ̇m,2ωg

 (3.49)

and the state space model in (3.47) with (3.48) and (3.49) results in

[
ẋi,m

ρ̇m

]
=


0 1 1 1 0 0
0 0 0 0 0 0
0 0 0 0 1 0
0 0 0 0 0 1
0 0 −ω2

g 0 0 0
0 0 0 −4ω2

g 0 0


[
xi,m

ρm

]
+

[
1

0(5×1)

]
γm (3.50)

ym =
[
1 0(1×5)

] [xi,m

ρm

]
(3.51)
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Next, the disturbance observer for estimating the states is defined as

[
˙̂xi,m

˙̂ρm

]
=


0 1 1 1 0 0
0 0 0 0 0 0
0 0 0 0 1 0
0 0 0 0 0 1
0 0 −ω2

g 0 0 0
0 0 0 −4ω2

g 0 0


[
x̂i,m

ρ̂m

]
+

[
1

0(5×1)

]
γm

+ Lm (ŷm − ym)

=Am

[
x̂i,m

ρ̂m

]
+ Bmγm + Lm (ŷm − ym)

(3.52)

where Lm =
[
L1 L2

]T
=

[
L1 L21 L22 L23 L24 L25

]T
is the observer gain

matrix, ŷm =
[
1 0(1×5)

] [
x̂i,m ρ̂m

]T
are the estimated outputs and ym =[

1 0(1×5)

] [
xi,m ρm

]T
are the system outputs. Defining the estimation error as

[
exi,m
eρm

]
=

[
xi,m − x̂i,m

ρm − ρ̂m

]
, (3.53)

the dynamics of the estimation error are given by

[
ėxi,m
ėρm

]
=


0 1 1 1 0 0
0 0 0 0 0 0
0 0 0 0 1 0
0 0 0 0 0 1
0 0 −ω2

g 0 0 0
0 0 0 −4ω2

g 0 0


[
exi,m
eρm

]
+

[
L1

L2

] [
1 0(1×5)

] [exi,m
eρm

]

=


−L1 1 1 1 0 0
−L21 0 0 0 0 0
−L22 0 0 0 1 0
−L23 0 0 0 0 1
−L24 0 −ω2

g 0 0 0
−L25 0 0 −4ω2

g 0 0


[
exi,m
eρm

]
= Aem

[
exi,m
eρm

]
(3.54)

Essentially, from (3.54) the observer gain matrix Lm is designed such that the
matrix Aem is Hurwirtz, i.e. the estimation error is asymptotically stable and
converges to zero. In addition, for the DOB to be effective, its dynamics must
be faster than the closed-loop system induced by the feedback-linearization law.
This ensures rapid convergence of the disturbance estimates and accurate com-



64 3 Power Decoupling Capability

pensation, while preserving the feedback-linearized plant dynamics. The total
disturbance estimation can be extracted from the estimated states by

d̂m =
[
0 1 1 1 0 0

] [x̂i,m

ρ̂m

]
= Ld̂

[
x̂i,m

ρ̂m

]
(3.55)

and to compensate the disturbance, the input γm is changed to

γm = γ∗
m − d̂m (3.56)

where γ∗
m is the output of the feedback controller. The block diagram of the

EDOB is depicted in Figure 3.10 , where x̂m =

[
x̂i,m

ρ̂m

]
.

Figure 3.10: Block diagram of Extended Disturbance Observer (EDOB)

For each current state, an independent EDOB is deployed. Hence the resulting
close-loop block diagram for each state is represented in Figure 3.11.

Figure 3.11: Block diagram of closed-loop system



3.4 Outer controller – Loop Shaping 65

3.4 Outer controller – Loop Shaping

The previous section established a desired linear behavior for the current dynam-
ics. However, these constitute a means to achieve a more important outcome,
i.e. desired power transfer between grids and energy storage levels in the MMC.
Hence, this section is dedicated to the outer-loop responsible of tracking the
power, energy references and achieve the proposed power decoupling capability.
This objective is highlighted in Figure 3.12.

Figure 3.12: Research topic of this section

3.4.1 Current reference generation

For an IPC, the desired references are given as power and not currents. For the
DC-grid current reference,

i∗dc =
P ∗
dc

Udc

(3.57)

is used. From the instantaneous power theory [166], the current references are
related to the desired active and reactive power transfer, yielding[

i∗gα
i∗gβ

]
=

2

3
· 1

U2
gα + U2

gβ

[
Ugα Ugβ

Ugβ −Ugα

] [
P ∗
ac

Q∗

]
. (3.58)

Regarding the circulating current references, it is necessary to isolate the terms
that generate non-periodic power flow from the equations derived in Appendix B.
Under nominal conditions, assuming negligible power losses and reactive power
terms, only the active power components remain, which are responsible for alter-
ing the average energy stored in the arm’s capacitors. Hence,

PΣα = Udc izα (3.59)
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PΣβ = Udc izβ (3.60)

PΣ0 =
Udc idc

3
− Ugα igα

2
− Ugβ igβ

2
(3.61)

P∆α = Ugβ izβ − Ugα izα (3.62)

P∆β = Ugβ izα + Ugα izβ (3.63)

P∆0 = −Ugβ izβ − Ugα izα (3.64)

The energy states are now considered in αβ0 frame and as Σ,∆ terms, which
establishes less meshed relations and facilitates the reference generation. Equa-
tion (3.61) mirrors the initial relation established in (3.2). Due to reference frame
transformation consider PMMC = 3 ·PΣ0. Furthermore, there is only active power
in PΣα and PΣβ, iff circulating currents have a DC component. Therefore, the
DC reference for the Z currents is generated accordingly,[

i∗zα,DC

i∗zβ,DC

]
=

1

Udc

[
1 0
0 1

] [
P ∗
Σα

P ∗
Σβ

]
(3.65)

For the ∆ components, other approach is necessary. Assume both positive and
negative components in the circulating currents. A DC component would not
be tolerated, as it would lead to an offset on the AC grid currents. Using the
rotation transformations (A.5) and (A.6) the circulating currents are expressed
in the rotating reference frame, yielding

izα,ω = izα,ω+ + izα,ω− = cos (θ) (izd+ + izd−) − sin (θ) (izq+ − izq−) (3.66)

izβ,ω = izβ,ω+ + izβ,ω− = sin (θ) (izd+ − izd−) + cos (θ) (izq+ + izq−) (3.67)

Considering the same rotating frame for the grid voltages operating in a well
balanced way (q = 0), and replacing them in the equations above, the active
power flow equations are rewritten in terms of positive and negative components.

P∆α = Ugβ izβ − Ugα izα = −Ugd+ izd− (3.68)

P∆β = Ugβ izα + Ugα izβ = Ugd+ izq− (3.69)

P∆0 = −Ugβ izβ − Ugα izα = −Ugd+ izd+ (3.70)

The circulating currents should flow only within the MMC. However (3.70) vio-
lates this condition. As originally proposed in methods 1 [167] and 2 [168], the
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Table 3.1: Proportional gain for vertical current generation [103]

Method Kzp Kzn

1 1√
3

1√
2

2 2√
6

1

zero component is embedded in the α and β components to solve the problem.
Accordingly, the current references are given in (3.71). The proportional terms
Kzp and Kzn, provided in Table 3.1 result from an harmonization of the original
techniques, investigated in [103]. In summary, method 1 shapes the current ref-
erences to ensure that the balancing action occurs specifically within the phase
that requires correction. In contrast, method 2 distributes the generated balanc-
ing current evenly across all phases, regardless of where the imbalance originates.
The choice between these methods presents a trade-off in terms of power losses:
The first method typically results in higher current amplitudes in a single phase,
potentially leading to lower switching losses but higher conduction losses in all
six arms. Opposite, the second method, with its more evenly distributed balanc-
ing current, generates lower amplitude per phase, which may reduce conduction
losses but increase switching losses. Further investigation into this topic would be
beneficial. From a control perspective, both methods lead to very similar results.

[
i∗zα,AC

i∗z,βAC

]
=

1

Ûg

[
−Kzn cos(ωt) Kzn sin(ωt) −Kzp cos(ωt)
Kzn sin(ωt) Kzn cos(ωt) −Kzp sin(ωt)

]P ∗
∆α

P ∗
∆β

P ∗
∆0

 (3.71)

By inserting the new references in the vertical power flow equations above derived,
leads to a decoupled loop, where each average power component can be controlled
independently.

3.4.2 Power controller

In normal conditions, an extra power controller that generates the output current
references is unnecessary. The setup in Figure 3.11 is sufficient, where the EDOB
compensates for parameter uncertainties and/or grid voltage changes. In this
circumstances, the closed-loop for power reference tracking is simply represented
by the current transfer function in (3.72). Therefore, the design is as described
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in 2.3.1, leading to a first-order system behavior.

Gig(s) =
ig(s)

i∗g(s)
=

ωac

s + ωac

(3.72)

However, in a first-order response, the maximum slope occurs at the initial stage,
whereas in a second-order response, the steepest slope appears later in the tran-
sient process. Hence, the last may be preferred. Adding an integral term and
following the same principle as in (3.26), the new closed-loop transfer yields

Gpd(s) =
Pac(s)

P ∗
ac(s)

=
Ki · ωac

s2 + ωacs + Ki · ωac

=⇒
ω2
pd

s2 + 2ζpdωpds + ω2
pd

. (3.73)

For the proposed application, it is still desirable to avoid an underdamped re-
sponse to a reference change, i.e. ζpd ≥ 1 to obtain a smooth transition at the
desired transient time. Matching the coefficients in (3.73), the relations,

ωac = ωpd · 2ζpd

Ki =
ωac

4ζ2pd

are obtained. Now ζpd and ωpd are the tuning variables. Increasing the damping
coefficient of the desired closed-loop system increases its phase margin, hence
its robustness. However, the system natural frequency ωpd must be adjusted
accordingly to maintain the desired transient time t∗pd = 2π/ω∗

pd (as in (3.28)).
This relation is given by (3.74) [169].

ωpd =
1√√

4ζ4pd + 1 − 2ζ2pd

· ω∗
pd (3.74)

This is also illustrated in Figure 3.13, where a step response comparison between
(3.72) and (3.73) is shown. After using (3.74), the second-order system, denoted
by * in the legend, exhibits the desired transient time. In practice, this is limited
by the resulting ωac.

3.4.3 Energy controller

The energy controller is the key layer for achieving power decoupling. Its primary
function is to maintain and evenly distribute the desired energy level across all
six arms while ensuring compliance with the constraint defined in (2.11). Only
its average component is aimed to be controlled, while the amplitude of the
oscillating do not contribute for the desired feature. Most commonly, depending
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Figure 3.13: Step responses of 1st and 2nd order systems

on the instantaneous AC grid angle, a sudden power shift can cause an imbalance
in the MMC energy distribution, leading to uneven discharge among the arms,
with one being affected more than the others. The energy controller is responsible
for regulating the energy back to its original levels. This situation is illustrated
in Figure 3.14.

Figure 3.14: Main objective of the energy controller

As demonstrated in Appendix B, a change of coordinates is beneficial to control
the arm storage energies. Considering Σ∆ in the αβ frame, yieldingWΣα

WΣβ

WΣ0

 = TC0 ·

Wpa + Wna

Wpb + Wnb

Wpc + Wnc

 (3.75)

W∆α

W∆β

W∆0

 = TC0 ·

Wpa −Wna

Wpb −Wnb

Wpc −Wnc

 , (3.76)

are the new energy states to be controlled.

Total energy controller

The desired power decoupling behavior illustrated in Figure 3.2 is investigated
through the design of the total energy controller. Building on this concept, the
controller is designed to shape the buffer contribution during a power reference
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change. From a control perspective, this change is treated as a disturbance af-
fecting the total stored energy. Afterwards, power is injected to recharge the arm
capacitors to its original reference. Furthermore, this controller tracks a given de-
sired energy reference. In classical control theory, this is achieved with a 2-DOF
control architecture as represented in Figure 3.15. In contrast to standard PIs or
1-DOF controller, 2-DOF allow independent tuning of the reference tracking and
disturbance rejection capabilities [170].

Figure 3.15: 2-DOF control architecture block diagram for total energy control

Examining the effect of disturbance the following closed-loop transfer is obtained,

Gwtd(s) =
WΣ0(s)

P ∗
ac(s)

= − Gid(s)Gpw(s)Gpd(s)

1 + Gct(s)Gft(s)Gid(s)Gpw(s)
(3.77)

where Gpw(s) = 1
s

and Gft(s) is a filter targeted to reject the arm energy oscillating
components. Due to the coordinate changes, the zero components only contain
low amplitude high frequency terms, which are negligible for this case. Hence
Gft = 1 is considered for the following case.

Considering the grid active power measurement (and its known dynamic) as a
feedforward term and a proportional gain in Gct(s) to regulate the total energy
storage, the resulting transfer functions are expressed as (3.78) or (3.79). Oppo-
site to (3.73), for higher-order systems, it is highly complex to obtain a meaningful
analytical expression capable representing the desired behavior. Simply placing
the poles, s.t. the denominator polynomial is Hurwitz (stable), becomes highly
non-intuitive to obtain a certain dynamic performance.

Gwtd,3(s) = − sωac

a3s3 + a2s2 + a1s + a0
, where (3.78)

a3 = 1,

a2 = ωdc + ωac,
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a1 = ωdc (Kct + ωac) ,

a0 = Kctωdcωac.

Gwtd,4(s) = −
sω2

pd

a4s4 + a3s3 + a2s2 + a1s + a0
, where (3.79)

a4 = 1,

a3 = 2ζpdωpd + ωdc,

a2 = ω2
pd + 2ζpdωdcωpd + Kctωdc,

a1 = ωdcω
2
pd + 2Kctζpdωdcωpd,

a0 = Kctωdcω
2
pd.

To design the control loop for achieving the desired disturbance rejection per-
formance, Bessel polynomials [171] are employed as reference transfer functions.
Due to their maximally flat group delay and minimal overshoot, Bessel filters are
well-suited for shaping closed-loop responses where preserving signal integrity
and achieving smooth, well-damped transient behavior are prioritized over band-
width and rapid response. This advantage extends to higher-order systems. The
transfer function of the normalized Bessel filter is given by

Tn+1(s) =
Dn+1(s)|s=0

Dn+1(s)
=

d0
sn+1 + dnsn + · · · + d1s + d0

(3.80)

The denominator of the filter in (3.80) is defined as

Dn+1(s) = snwn+1(s) − kbnwn(s) (3.81)

where

wn(s) =
n∑

k=0

(n + k)!

(n− k)!k!(2s)k
(3.82)

is the n-th order Bessel polynomial. As investigated in [172] an additional pa-
rameter (kb) is used to further adjust the filter overshoot. Substituting s in (3.80)
by s/ωc,n+1, one obtains
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T ′
n+1(s) = Tn+1(s)|s=s/ωc,n+1 =

Dn+1(s/ωc,n+1)|s/ωc,n+1=0

Dn+1(s/ωc,n+1)

=
d0

( s
ωc,n+1

)n+1 + dn( s
ωc,n+1

)n + · · · + d1(
s

ωc,n+1
) + d0

(3.83)

where ωc,n+1 is the bandwidth of the Bessel filter. Using (3.83), the first-order
Bessel filter up to the fourth-order filter are given by

T ′
1(s) =

ωc,1

s + ωc,1

T ′
2(s) =

(3 − kb)ω
2
c,2

s2 + (3 − kb)ωc,2s + (3 − kb)ω2
c,2

T ′
3(s) =

(15 − 6kb)ω
3
c,3

s3 + (6 − 2kb)ωc,3s2 + (15 − 6kb)ω2
c,3s + (15 − 6kb)ω3

c,3

T ′
4(s) =

(105 − 45kb)ω
4
c,4

s4 + (10 − 3kb)ωc,4s3 + (45 − 18kb)ω2
c,4s

2 + (105 − 45kb)ω3
c,4s + (105 − 45kb)ω4

c,4

(3.84)

The goal is to approximate the transient behavior of a first-order system using
higher-order Bessel filters. Since identical responses cannot be achieved due to
the increased system order, the cutoff frequencies are scaled with the following
factors

ωc2 =
Tset,2

Tset,1

ωc1 = kωc2ωc1

ωc3 =
Tset,3

Tset,1

ωc1 = kωc3ωc1

ωc4 =
Tset,4

Tset,1

ωc1 = kωc4ωc1

(3.85)

such that a comparable settling time is obtained. The required scaling factors
are determined numerically, as the relationship between cutoff frequency and
settling time depends on the filter order. The impact of bandwidth scaling on the
transient response is illustrated in Figure 3.16 through a comparison of a second-
and fourth-order Bessel filters with and without scaling.

The result shows that the higher-order filter maintains the same transient time
as the first-order filter, thereby achieving the desired transient response while
requiring less bandwidth after adjustment. The target transfer function to design
(3.79), includes a zero at the origin. From a structural perspective, the zero at
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Figure 3.16: Step responses of 1st-, 2nd- and 4th-order Bessel filters with kb = 0.25

the origin leads to a step response similar to a disturbance rejection behavior,
with the output converging to the reference. This matches the desired transient
behavior of the total energy storage in the MMC. Accordingly, the Bessel filters
response is provided in Figure 3.17 1. In step response analysis, the damping
coefficient can directly limit the peak value to ensure it does not exceed a desired
reference. Additionally, a unity DC gain must be guaranteed. In contrast, the
impulse response represents the system’s intrinsic dynamics without a reference
level, making peak amplitudes less directly related to design specifications such as
overshoot. While the settling time is defined identically to the step response, the
peak deviation from the origin is determined by the pole locations and chosen DC
gain. As shown in Figure 3.17, higher-order systems delay the peak time while
maintaining the same settling time after bandwidth adjustment. The parameter
kb plays a crucial role in shaping the damping characteristics, even in higher-order
systems. This was previously explored for a very narrow range of values in [172].
Expanding this range further, the comparison in Figure 3.18 reveals that negative
kb values lead to an overdamped response, whereas positive values shift poles to
the right-half plane, resulting in instability.

0 0.005 0.01 0.015 0.02 0.025 0.03
-0.25

0
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0.5
0.75

1
1.25

Figure 3.17: Impulse responses of 1st-, 2nd- and 4th-order Bessel filters with kb =
0.25

1The result should display a negative drop; however, for visual clarity and alignment with the
step reference, the signal has been inverted.
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Figure 3.18: Impulse responses of 4th-order Bessel filters for different kb

An analytical solution for the second-order Bessel filter is straightforward to de-
rive and can be used to shape the energy disturbance response. The influence
of the scaling factor kb on the peak time of higher-order filters is illustrated in
Figure 3.19, where kb effectively serves as a scaling parameter that relates the
second-order filter to higher-order implementations. Using (3.85), this concept
is extended to adjust the filter bandwidth. Notably, decreasing kb increases the
damping, leading to a more overdamped system with one or more dominant poles.

-10 -8 -6 -4 -2 0
0

2
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8

Figure 3.19: Normalized peak time between adjusted 2nd-, 3rd and 4th-order Bessel
filters at different kb

For simplicity, the third-order filter is selected as the desired closed-loop transfer
function for disturbance rejection. However the approach can be further extended
for higher-order systems. Comparing the denominator of (3.85) and (3.78), the
following relations are obtained,

ωac + ωdc = (6 − 2kb)ωc3

ωdc (Kct + ωac) = (15 − 6kb)ω
2
c3

ωdcKctωac = (15 − 6kb)ω
3
c3.

(3.86)

There are six variables to choose, however only three equations to solve. While
ωac is chosen in advance, it is enough to fix arbitrarily another variable to obtain
the polynomial coefficients. From (3.2), it is intuitive to perform a grid search
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Figure 3.20: Bandwidth adjustment factor for achieving the settling time of a 1st-
order system in 2nd-, 3rd and 4th-order Bessel filters at different kb
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Figure 3.21: Normalized amplitude drop in adjusted 2nd-, 3rd and 4th-order Bessel
filters at different kb, related to its 1st-order
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by sweeping ωac ≥ 0 and ωdc ≥ 0 across several frequencies. Together with the
relations derived in this subsection, the coefficients are found accordingly. The
resulting outputs plotted in following figures2 are:

� Energy settling time after a power step change

� Peak amplitude of the energy deviation from original reference

� Time instant of peak amplitude deviation after power reference change

Figure 3.22: Total energy settling time dependent on chosen ωac and ωdc

Figure 3.23: Resulting peak energy deviation dependent on chosen ωac and ωdc

As expected, the greater the amplitude difference between ωac and ωdc, the more
energy in the MMC is used and the more it takes to be regulated back to its
origin, whereas the choice of ωdc contributes the most for this difference.

As expected, a larger difference between ωac and ωdc leads to greater energy
deviation in the MMC, resulting in increased effort to restore the system to its

2ωdc limited to 1Hz for better visualization
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Figure 3.24: Time instant of peak total energy deviation dependent on chosen ωac

and ωdc

nominal state. Among these parameters, the choice of ωdc has the dominant
influence on this behavior. This relations have an exponential nature. From the
resulting data, it is observed that for ωdc greater than ωac the settling time is

slowly reduced to match
1

fac
. This is due to the feedforward of the measured

power, which settles after
1

fac
. The decoupling capability is mostly related with

the installed capacity within the MMC. Therefore, this results can be used to
provide an estimation of the necessary capacitance to avoid violating the condition
(2.11). Based on (2.20) (2.21), the average available voltage deviation is obtained,
yielding

∆UCarm =

√
2∆WMMC

6Carm

. (3.87)

Sweeping between possible arm capacitance values, the resultant available peak
voltage drop for P ∗

ac = 1W is provided graphically in Figure 3.25. As expected,
lower installed capacitance leads to higher voltage drops, which is opposite to
settling time imposed. Accordingly, the amplitude of available voltage drop is
scaled with P ∗

ac.

It is also desired to track references for total energy stored. Using the chosen
proportional controller, the closed-loop transfer yields,

Gwtr(s) =
W0(s)

W ∗
0 (s)

=
Gct(s)Gid(s)Gpw(s)

1 + Gct(s)Gft(s)Gid(s)Gpw(s)
=

ωdc

s2 + sωdc + Kctωdc

,

(3.88)

which is a second-order system. In its current form, the transfer function does not
exhibit unity DC gain. Similar to (3.40), this is addressed by adding a feedforward
gain that guarantees zero steady-state error during reference tracking. However,
its dynamic is still dependent on the chosen disturbance response. Adding shaping
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Figure 3.25: Resultant available peak voltage drop dependent on installed Carm

and resulting Tset

function Gst(s) as in Figure 3.15 to (3.88), influences how the closed-loop perceives
the energy reference. The new desired closed-loop yields,

G∗
wtr(s) = Gst(s)Gwtr(s) =

ω2
rt

s2 + 2ωdc + Kctωdc

, (3.89)

which can be design as in the subsection 3.4.2. Consequently, the shaper transfer
function must result in

Gst(s) =
ω2
tr

ωdc

· s
2 + sωdc + Kctωdc

s2 + 2ζtrωtrs + ω2
tr

. (3.90)

This difference is well illustrated in Figure 3.26. In absence of Gst(s), a 1-DOF
controller couples reference tracking and disturbance rejection, leading to simi-
larly fast dynamics in both responses. This may be undesirable in MMC opera-
tion. A 2-DOF structure allows independent tuning of the reference step response
while preserving the previously designed disturbance rejection behavior.
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Figure 3.26: Total energy reference tracking and disturbance rejection with and
without Gst(s)
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Horizontal and Vertical energy controllers

Both the horizontal and vertical controllers are responsible for generating the
references for (3.65) and (3.71), respectively. Their primary function in this ap-
plication is to ensure an equal distribution of the energy stored within the arms.
Unlike total energy control, the balancing action must respond rapidly to com-
pensate for power reference changes that disproportionately affect one arm over
the others. To achieve this, a control structure similar to that of the total energy
controller is employed, as any output power reference change inherently disrupts
the energy balance among the arms. Consequently, this disturbance follows the
same dynamic behavior as described in (3.72). Due to its mixed frequency nature
of these energy states, no feedforward term is considered. Thus, the disturbance
rejection closed-loop transfer function for WΣ is given in (3.91), with the ∆ com-
ponent inheriting the exact same transfer function. The denominator design
follows the methodology outlined in the previous subsection. However, the in-
troduction of an additional zero results in a more aggressive transient response.
Fortunately, since ωz > 0, this zero ensures a minimum phase transient behavior.

GwΣd,3(s) =
WΣαβ

P ∗
ac

= − ωac (s + ωz)

a3s3 + a2s2 + a1s + a0
, where (3.91)

a3 = 1,

a2 = ωz + ωac,

a1 = ωz (KcΣ + ωac) ,

a0 = KcΣωzωac.

Referring to Figure 3.15, it is evident that Gft(s) cannot be neglected. Under bal-
anced conditions, no DC components are present, meaning that both αβ states
consist only of oscillating components, which do not directly impact the con-
trol objective. However, their amplitude remains sufficiently high to introduce
perturbations into the system. To mitigate these disturbances, notch filters are
incorporated into the control loop. The corresponding filter transfer function is
given by:

Gnf(s) =
s2 + ω2

nf

s2 + 2ζnfωnfs + ω2
nf

, (3.92)

For W∆αβ0, the dominant oscillating component occurs at 50 Hz, and the notch
filter is specifically designed to attenuate this frequency. Ideally, this component
should be suppressed as much as possible. However, stronger attenuation comes
at the cost of increased phase shift, which affects the closed-loop phase margin,
thereby influencing the overall dynamic behavior and robustness of the system.
This trade-off is illustrated in Figure 3.27 and Figure 3.28, where the filter damp-
ing coefficient determines the balance between attenuation and stability. For
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Figure 3.27: 50Hz notch filter magnitude with different damping coefficients

0 10 20 30 40 50 60 70 80 90 100
-90

-45

0

45

90

Figure 3.28: 50Hz notch filter phase-shift with different damping coefficients

WΣαβ, the dominant frequency component is 100 Hz, and the notch filter is ad-
justed accordingly. Alternatively, a higher-order notch or low-pass filters could be
used to achieve better suppression. However, these approaches introduce greater
design complexity and implementation challenges, making a standard notch filter
the preferred choice in most cases.

In summary, Figure 3.29 presents the block diagram of the entire control struc-
ture, highlighting the loop shaping design technique for the outer loop.
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Figure 3.29: Controller block diagram: Outer loop designed via Loop Shaping

3.5 Outer controller – Model Predictive Control

The linear (MPC) algorithm is explored here as an alternative to the loop-shaping
approach. Its primary objective is to constrain energy and, indirectly, current
amplitudes to ensure the MMC operates within its critical safe region. This
choice is motivated by several factors:

� Submodule capacitors: While they cannot exceed their rated DC voltage,
they can tolerate higher peak voltages as long as these are periodic and
bounded (i.e., within acceptable ripple limits).

� Arm voltage: The total available arm voltage must remain within spe-
cific limits to prevent over-modulation, inrush currents, and excessive arm
current.

� Arm current: The maximum allowable arm current should align with the
semiconductor’s Safe Operation Area (SOA) to prevent damage.

� Current limits in AC- and DC-grids: Constraints must account for both
grid sides to ensure that voltage sags do not induce overcurrent in the MMC.

MPC is an advanced control strategy that optimizes future control actions based
on a predictive model of the system. The core concept of MPC with a moving
horizon is illustrated in Figure 3.30. At each discrete time step k, the controller
uses the current state x0 as the initial condition and predicts the system’s future
behavior over a finite time window known as the prediction horizon, spanning
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from k + 1 to k +Np, where Np denotes the prediction horizon length. Based on
this forecast, the controller solves an optimization problem to compute a sequence
of control inputs that minimize a predefined cost function while satisfying system
constraints, which are enforced over a constraint horizon lenght Nc.

Only the first control input from the optimized sequence is applied to the system.
At the next time step, the horizon advances, the system state is updated, and
the optimization is resolved. This receding horizon strategy allows the controller
to continuously adapt its actions to the most recent state information, ensuring
robust performance without violating the desired constraints. However, a ma-
jor limitation of MPC is its relatively high computational demand compared to
classical control methods, due to the need for real-time optimization [173].

Past Prediction horizon
Constraints

Moving window
States

Inputs

Time

Figure 3.30: General concept of Model Predictive Control with Moving Horizon

3.5.1 State-space model

The design of a MPC control algorithm requires a state-space model of the system.
Considering controlled currents, generated from power references in the previous
subsections, the states, inputs and outputs are defined as

x = [Pac, Q, Pdc,WΣ0, PΣα, PΣβ,WΣα,WΣβ, P∆α, P∆β, P∆0,W∆α,W∆β,W∆0]
T

u = [P ∗, Q∗, P ∗
Σ0, P

∗
Σα, P

∗
Σβ, P

∗
∆α, P

∗
∆β, P

∗
∆0]

T

yi = [Pac, Q,WΣ0,WΣα,WΣβ,W∆α,W∆β,W∆0]
T

.
(3.93)

Following the structure in (2.48), for the inverter operation the state matrix
yields,

AW,i =

AT,i 0 0
0 AΣ 0
0 0 A∆

 , where AT,i =


−ωac 0 0 0

0 −ωac 0 0
ωdc 0 −ωdc 0
−1 0 1 0

 (3.94)



3.5 Outer controller – Model Predictive Control 83

AΣ =

[
−ωcI2×2 02×2

I2×2 02×2

]
, A∆ =

[
−ωzI3×3 03×3

I3×3 03×3

]
The input matrix is given by,

BW,i =

BT,i 0 0
0 BΣ 0
0 0 B∆

 , where BT,i =


ωac 0 0
0 ωac 0
0 0 ωdc

0 0 0

 (3.95)

BΣ =

[
ωcI2×2

02×2

]
, B∆ =

[
ωcI3×3

03×3

]
and the output matrix yields

CW,i =



1 0 0 0 0 0 0 0 0 0 0 0 0 0
0 1 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 1 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 1 0 0 0 0 0 0 0
0 0 0 0 0 0 0 1 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 1 0 0 0
0 0 0 0 0 0 0 0 0 0 0 1 0 0
0 0 0 0 0 0 0 0 0 0 0 0 1 0


(3.96)

For the rectifier mode, the output vector changes slightly,

yr = [Q,Pdc,WΣ0,WΣα,WΣβ,W∆α,W∆β,W∆0]
T (3.97)

which leads to the following readjustments in the state matrix

AW,r =

AT,r 0 0
0 AΣ 0
0 0 A∆

 , where AT,r =


−ωac 0 ωac 0

0 −ωac 0 0
0 0 −ωdc 0
1 0 −1 0

 (3.98)

and input matrix

BW,r =

BT,r 0 0
0 BΣ 0
0 0 B∆

 , where BT,r =


0 0 ωdc

0 ωac 0
ωac 0 0
0 0 0

 (3.99)
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as well as in the output matrix

CW,r =



0 1 0 0 0 0 0 0 0 0 0 0 0 0
0 0 1 0 0 0 0 0 0 0 0 0 0 0
0 0 0 1 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 1 0 0 0 0 0 0 0
0 0 0 0 0 0 0 1 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 1 0 0 0
0 0 0 0 0 0 0 0 0 0 0 1 0 0
0 0 0 0 0 0 0 0 0 0 0 0 1 0


. (3.100)

3.5.2 Linear MPC

This subsection presents the CCS-MPC algorithm. In this formulation, the sys-
tem model is augmented with an integrator state to account for model mismatch
and parameter uncertainties [174]. Hence the augmented state-space model yields

x(k + 1) = Ax(k) + B∆u(k) (3.101)

y(k) = Cx(k), (3.102)

where

x(k) =
[
∆xm(k) y(k)

]⊺
, ∆xm(k) = xm(k) − xm(k − 1),

∆u(k) = u(k) − u(k − 1)

and the matrices A,B,C are defined as,

A =

[
Ad 014×8

CdAd I8

]
, B =

[
Bd

CdBd

]
, C =

[
08×14 I8

]
,

where the matrices Ad,Bd, and Cd are obtained by discretizing the model given
in previous subsection. The discretization methods is Zero-Order Hold (ZOH),
as described in Appendix C. Considering a desired prediction horizon Np and
control horizon Nc, and assuming the initial state is known, a prediction model
is obtained. First, the future control action and predicted output vectors are
defined as

Y =
[
y(ki + 1) y(ki + 2) y(ki + 3) . . . y(ki + Np)

]T
,

∆U =
[
∆u(ki) ∆u(ki + 1) ∆u(ki + 2) . . . ∆u(ki + Nc − 1)

]T
,

and a condensed form of the prediction model

Y = Fx(ki) + Φ∆U (3.103)
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where,

F =


CA
CA2

CA3

...
CANp

 ; Φ =


CB 0 0 . . . 0
CAB CB 0 . . . 0
CA2B CAB CB . . . 0

...
CANp−1B CANp−2B CANp−3B . . . CANp−NcB

 .

The control objective is to minimize the tracking error, i.e. the difference between
the outputs y(k) and their corresponding references r(k), which is represented by
the cost function J

J =

Np−1∑
i=0

∥r(ki + i + 1) − y(ki + i + 1)∥2 + Rw ∥∆u(ki + i)∥2 , (3.104)

where ki is the sampling instant and Rw is the weight that determines the trade-off
between tracking performance and control effort. The same cost function can be
written as a function of the initial state, system matrices (condensed formulation)
and future control actions, yielding

J = (Rs −Y)T (Rs −Y) + ∆UTR̄w∆U (3.105)

where the reference vector is defined as

Rs
T =

[
Iny×Np

]
r(ki),

and R̄w is the block-diagonal weighting with dimensions (nu ×Nc) × (nu ×Nc).
Both nu and ny denote the dimensions of the system’s input and output vectors,
respectively. By inserting (3.103) into (3.105), the optimization problem can
be further rewritten as a standard unconstrained Quadratic Programming (QP)
problem of the form

min
∆U

J =
1

2
∆UTH∆U + fT∆U, (3.106)

with
H = Φ⊺Φ + R̄w

being a symmetric positive semi-definite (Hessian) matrix that defines the quadratic
part of the objective function, and

fT = −Φ⊺ (Rs − Fx(ki))
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a vector defining the linear part of the objective function. For the unconstrained
case, an analytical solution is found by taking the gradient of the objective func-
tion and setting it to zero

∂J

∂∆U
= 0,

from which the optimal solution for the control action to deploy is found as

∆U∗ = −H−1f. (3.107)

Due to the receding-horizon implementation, only the first control increment of
the optimal input sequence is applied at each sampling instant. For the un-
constrained case, the resulting control law has a linear state-feedback structure,
analogous to that obtained in LQR, and can be written as

∆u(ki) =
[
1 0 . . . 0

]
∆U∗ = Kyr(ki) −Ksx(ki) (3.108)

where,

Ky = H−1ΦTRs, Ks = H−1ΦTF.

By applying a receding horizon policy, this problem is solved at every sampling
time Ts. Hence, the first element of ∆U∗ is applied to the system, and the
procedure is repeated at the next sampling instant. Another major advantage of
the MPC algorithm is the possibility to include constraints without sacrificing the
control law performance. However, an analytical optimal solution is not possible
to obtain. Hence, modeling constraints is an important aspect of MPC. The
bounds do not necessarily have to be constant but can be modeled to depend
on the current and future system trajectory. This can be useful, for example,
to avoid certain operating regions or nonlinearities. Typically, it is important to
impose constraints on the inputs and states; if these remain constant during the
prediction horizon, are written as,


umin

umin
...

umin

 ≤


u(ki)

u(ki + 1)
...

u(ki + Nc − 1)

 ≤


umax

umax
...

umax

 (3.109)
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
xmin

xmin
...

xmin

 ≤


x(ki + 1)
x(ki + 2)

...
x(ki + Nc)

 ≤


xmax

xmax
...

xmax

 (3.110)

where umin and umax define the input constraints, and xmin and xmax define the
state constraints. These must be rewritten in terms of ∆U due to the formulation
of the quadratic problem in (3.106). Referring its definition the input constraints
now yield,


umin

umin
...

umin

 ≤


I
I
...
I


︸︷︷︸
TI

u(ki − 1) +


I 0 0 · · · 0
I I 0 · · · 0
...

...
...

. . .
...

I I I · · · I


︸ ︷︷ ︸

TL

∆U ≤


umax

umax
...

umax

 (3.111)

and the same must be done to the state constraints. Referring to the ∆xm

definition,
xmin

xmin
...

xmin

 ≤ TIxm(ki) + TL


Ad

Ad
2

...
Ad

Nc−1


︸ ︷︷ ︸

Fx

∆xm(ki) + TL


Bd

AdBd
...

Ad
Nc−1Bd


︸ ︷︷ ︸

Φx

∆U ≤


xmax

xmax
...

xmax

 .

(3.112)

Now the optimization problem can include inequality constraints and be written
as a standard QP problem of the form,

min
∆U

1

2
∆UTH∆U + ∆UTK,

s.t. M∆U ≤ y.
(3.113)

By isolating ∆U in (3.111) and (3.112), the matrix M and the vector y represent
the inequality constraints. To summarize, the block diagram of the CCS-MPC is
represented in Figure 3.31.
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Figure 3.31: Block diagram of CCS-MPC

3.5.3 Design of unconstrained MPC

Designing the MPC algorithm is not straightforward, especially in MIMO sys-
tems, due to the high number of DOFs available. However, the following param-
eters represent the minimal set required for proper tuning:

� Weighting factor on control input – rw

� Prediction horizon – Np

� Control horizon – Nc

While the horizons are ambiguous to all states, the weighting factors are tuned
separately for each control input. Tuning of MPC is itself a research topic. A
review of available methods is provided in [175]. Further optimization technique
leads to automated tuning as exemplified in [176]. Alternatively, application-
targeted practical guidelines can be explored to simplify this task [177]. For this
application, the tuning is done, s.t. the resulting closed-loop offers the desired
performances. To do so, first the unconstrained MPC is considered, where the
choice of tuning parameters will result in an algebraic optimal solution (3.107).
After applying the control law, the closed-loop performance is evaluated.

The main objective of applying MPC to control the average energy in the MMC
arms is to ensure the required energy levels, independent of the grid interface
action. Hence a long horizon is considered. For instance, with Ts = 1/250 Hz,
and a Np = 20, it is aimed to fulfill the control objectives within five grid periods.
Generically, higher prediction horizons lead to slower dynamics [178]. For the
total energy, this would lead to increasing power decoupling effect. However, two
tuning parameters remain. Through a grid search of weighting matrix and control
horizon, a compromise between robustness and bandwidth is to be obtained. This
exemplified for the total energy dynamics (3.94) and (3.95) in Figure 3.32 and
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Figure 3.33. Notice, only stable solutions are provided.
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Figure 3.32: Tuning unconstrained MPC: Resulting closed-loop bandwidth with
Np = 20 and varying rw and Nc
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Figure 3.33: Tuning unconstrained MPC: Resulting closed-loop phase-margin
with Np = 20 and varying rw and Nc

oles of the unconstrained closed-loop system

In contrast to the previous subsection, the resulting unconstrained closed-loop
system yields two additional zeros in its transfer function, which arise from the
inclusion of integral action in the augmented system model. The location of the
last depend on the tuning parameters. While the control weight shapes influences
both performance and robustness, the control horizon practically relates only to
the phase-margin, whereas higher Nc leads to lower robustness. As suggested
in [178], low control horizons result in higher robustness. The last is chosen to
be Nc = 5. Furthermore, after fixing both horizons, the only tuning parameter
remaining for rest of the energy states is the rw. Its choice follows the same
methodology.
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3.5.4 Design of constrained MPC

In the final MPC implementation, the optimal control increment ∆U is initially
computed using the analytical solution of the unconstrained problem. As long
as all constraints remain inactive, this solution is applied directly. However, the
underlying formulation is a constrained MPC problem, and the control input is
recomputed by solving the corresponding constrained QP whenever constraints
become active. Therefore, choosing the system constraints completes the design
of the control algorithm. It is trivial to define the arm energy upper and lower
bounds, due to its physical resemblance to the available voltage in the arm.
However these must be expressed in the αβ frame and as Σ∆ components. To
achieve this, all possible vector combinations of the upper and lower bounds of the
arms are generated. After applying matrix (A.19), the minimum and maximum
values are extracted to define the new lower and upper bounds. For instance,
considering ±10% on each arm energy per unit would result in

Wmin =


WΣα,min

WΣβ,min

WΣ0,min

W∆α,min

W∆β,min

W∆0,min

 =


−0.2667
−0.2309
1.8000
−0.2667
−0.2309
−0.2000

 Wmax =


WΣα,max

WΣβ,max

WΣ0,max

W∆α,max

W∆β,max

W∆0,max

 =


0.2667
0.2309
2.2000
0.2667
0.2309
0.2000


For the state WΣ0, the DC and AC power variables are not constrained directly.
Instead, their admissible ranges are determined indirectly from time-varying cur-
rent limits, e.g., during voltage sag conditions. Once these limits are computed,
they define lower and upper bounds on the corresponding power variables. Hence,
within the MPC formulation, the power constraints are introduced as element-
wise inequalities of the form

Pmin ≤ P ≤ Pmax,

which constitute box constraints. Although the underlying physical feasibility
region is induced by current magnitude limitations and is therefore coupled, its
representation in the optimization problem is given by time-varying upper and
lower bounds on each power component. Based on (3.57), the reference current
saturation function yields

Idc,max =

{
I∗dc, if |I∗dc| ≤ Idc,limit or Idc,limit = 0,

sign(I∗dc) · Idc,limit, if |I∗dc| > Idc,limit and I∗dc ̸= 0.
(3.114)

and the upper and lower bound are
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Pdc,max = UdcIdc,max Pdc,min = −Pdc,max

For the active and reactive power limitation, the function (3.114) would simply
saturate the peak amplitude of the grid sinusoidal currents. In order to limit the
amplitude and maintaining a pure sinusoidal reference, a vector-based current

saturation strategy is necessary. Consider I∗g =

[
I∗gα
I∗gβ

]
as the reference current

vector from (3.58). Its Euclidean norm yields,

∥I∗g∥ =
√

(I∗gα)2 + (I∗gβ)2 (3.115)

and Ig,limit as the maximum allowable current magnitude. Considering the smooth-
ing function

f(I∗) =

{
1, if ∥I∗∥ < Ig,limit,
Ig,limit

∥I∗∥ , otherwise.
(3.116)

and applying it to the grid current reference vector

I∗g,max = f(I∗) · I∗g (3.117)

scales down the vector while preserving its direction, in case the reference current
exceeds the limit. Hence, the upper and lower bounds for the active and reactive
power are defined as

Pac,max =
3

2

(
Ugα I

∗
gα,max + Ugβ I

∗
gβ,max

)
Pac,min = −Pac,max

Qmax =
3

2

(
Ugβ I

∗
gα,max − Ugα I

∗
gβ,max

)
Qmin = −Qmax

The input vector can be constrained directly based on operational limits. Al-
ternatively, the remaining Σ∆ components (PΣα, PΣβ, P∆α, P∆β, P∆0) can be con-
strained indirectly through bounds on the rate of change of the stored energy,
thereby ensuring admissible energy dynamics, i.e.,

PΣ∆,max =
∆WΣ∆,max

Ts

PΣ∆,min = −PΣ∆,max

However, the last are not considered in this design. Lastly, the QP problem was
solved using Hildreth’s procedure [179] and a custom-made solver was developed
for hardware implementation and tested in a simple Buck converter in [180, 181].
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The developed solver includes an user interface for C-code generation for an
embedded platform of choice.

In summary, Figure 3.29 is now updated to Figure 3.34 highlight the MPC algo-
rithm responsible for the MMC outer loop.

Figure 3.34: MMC controller block diagram: Outer loop designed via MPC

3.6 Results

In this subsection, the simulation and hardware implementation of the designed
controllers is presented. Simulations are carried for an IPC between a MVDC
and MVAC grids. Hardware demonstration is carried on a low-voltage low-power
MMC prototype connected to a passive load. Lastly a PiL scheme is used to
bridge simulation results and hardware implementation of control algorithms.

3.6.1 Simulation results

Using simulation, a first validation of the theory presented in this chapter is car-
ried out for the control structure shown in Figure 3.29. The circuit parameters
of the simulated IPC plant are provided in Table 3.2, and the control parameters
are listed in Table 3.3. The bandwidth of the AC inner closed-loop is selected as
100 Hz. Owing to the feedback-linearized control structure, the current loop is in-
trinsically stabilized much faster, such that this bandwidth primarily determines
the response to reference changes. This choice is consistent with the control ar-
chitecture, in which the power controller is intentionally implemented as a static
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gain to avoid introducing additional dynamics. While most control parameters
are kept fixed, three scenarios with different idc transient performance are con-
sidered to demonstrate the power decoupling technique, leading to distinct total
energy disturbance responses. The achievable idc dynamics are constrained by the
installed Carm, which the main factor limiting the power decoupling capability.

Considering the first scenario, the results of a test routine for all desired function
is given in in Figure 3.35. First, the energy stored in the MMC increases 10%
by request, smoothly and at desired transient performance. The response to an
active power reference change (200 kW to 1 MW) is shown (t = 1 s). At first
glance, all currents reach zero error steady-state. The AC-grid current reference
is reached within half grid period, as desired. Despite the arm voltage oscillation

Table 3.2: Simulated plant - circuit parameter of medium voltage MMC

Symbol Description Value

Udc DC grid voltage 6000 V

Ûg AC grid voltage
√
2√
3
· 3300 V

fg AC grid frequency 50 Hz

Larm Arm inductance 3.19 mH

Rarm Arm resistance 47 mΩ

Csm SM capacitor 2.3 mF

Nsm Number of SM per arm 8

UCsm Average SM voltage 825 V

magnitude increase at higher power transfer, its amplitude remains bounded,
as expected. The individual arm available voltage change depends on the time
instance in respect to the grid period at which the reference change occurs. Hence,
the energy controller must bring all arms back to the same reference, which is fully
achieved. Additionally, circulating currents are kept entirely within the MMC.
This inspected in zoomed areas of the idc. Furthermore, both horizontal (t = 1.5
s) and vertical (t = 2.5 s) energy reference changes are tested.
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Table 3.3: Control parameter used for simulation tests of loop shaping controller

Symbol Scenario 1 Scenario 2 Scenario 3

ωdc 2π67 Hz 2π100 Hz 2π150 Hz

ωac 2π100 Hz

ωz 2π100 Hz

ωrt0 2π10 Hz

ζrt0 1

ωrtΣ 2π10 Hz

ζrtΣ 1

ωrt∆ 2π10 Hz

ζrt∆ 1

ωdr0 2π28 Hz 2π42 Hz 2π66 Hz

ωdrΣ 2π50 Hz

ωdr∆ 2π50 Hz
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Figure 3.35: Simulated test setup for loop shaped controller – original states

An energy overview is provided in Figure 3.36. First an horizontal change is re-
quested, where 10% of the energy in phase c is distributed equality in both other
phases. Afterwards, a vertical reference change is requested. Hence, 5% of stored
energy in ucna is shifted to ucpa. The opposite occurs for phase c while b remains
at the same levels. In both cases, zero error steady-state is achieved and a smooth
response without overshoot is obtained, as in critically damped second-order sys-
tems. Since the desired dynamics are achieved for the controller, this verifies the
consistency of the IOFL theory. Next, the two alternative scenarios are compared
in Figure 3.37. As expected, a higher ωdc results in a shorter decoupling time.
Consequently, less energy is drawn from the MMC in response to an active power
reference change (from 200 kW to 1 MW). Despite these differences, the overall
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Figure 3.36: Simulated test setup for loop shaped controller - Σ∆ energy states
in abc frame

shape of the energy usage profile remains consistent across all cases. The total
energy peak deviation and settling time can be selected based on the information
provided in Figure 3.23 and Figure 3.22. This enables straightforward tuning
of the control parameters to match the specific requirements of the application.
For instance, when interfacing weaker grids, the higher power decoupling should
emphasized.
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Figure 3.37: Power decoupling capability with loop shaping controller

3.6.2 Experimental results

Loop shaping

Up to this point, the analysis has been carried out for an ideal AAM of the
MMC. In the following, the controller is validated on a small-scale hardware
prototype, as shown in Figure 5.1. Its parameters are listed in Table 5.2. In
the previous model, the effect of losses was not modeled. However for a medium
voltage IPC, the line losses do play a major role and can be correct by an outer
controller. In this case, a passive load as been considered instead of an AC-grid.
Therefore the current amplitude is directly controlled instead of active power.
An additional integral term is assumed and results in the closed-loop behavior
obtained in (3.73). Consequentially, fourth-order Bessel polynomial is obtained
for the total energy disturbance response. With one additional parameter, the
same process is repeated to obtain a similar behavior, as in scenario 1. This
shown is the following figures. Now, a symmetrical current amplitude reference
change from 1.5 A to 3.5 A is requested.
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Figure 3.38: Current reference step response: 1.5 A to 3.5 A
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Figure 3.39: Power decoupling during a step response: 1.5 A to 3.5 A
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Figure 3.40: Energy disturbance response during step response: 1.5 A to 3.5 A

For the sake of completeness, a reference change is also applied to reduce the
power. This ensures a comprehensive evaluation of the controller’s response to
both power increment and reduction. By analyzing both transitions, the system’s
performance is validated in practice, confirming the consistency of the IOFL
theory across different operating conditions.

Afterward, the results in the following figures will demonstrate that the EDOB
effectively maintains IOFL performance even under significant parameter vari-
ations. Specifically, in Figure 3.44, a load reduction of approximately 16% in
phase c is applied at t = 0.72 s, introducing an imbalance in the 3PH load. While
stable operation is preserved, this imbalance becomes evident not only in the
arm currents but also in the average arm energies. At t = 0.77 s, the EDOB is
activated, successfully correcting the imbalance and restoring system symmetry.
This simple scenario validates the necessity of integrating the EDOB with the
IOFL to enhance system performance. Together, they confirm the robustness of
the control strategy, ensuring consistent dynamic behavior even under substantial
parameter variations.
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Figure 3.41: Current reference step response: 3.5 A to 1.5 A
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Figure 3.42: Power decoupling during a step response: 3.5 A to 1.5 A
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Figure 3.43: Energy disturbance response during step response: 3.5 A to 1.5 A
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Figure 3.44: EDOB response during at 16% unbalanced load:
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Figure 3.45: EDOB effect on energy disturbance at 16% unbalanced load

Hardware details are provided in Chapter 5. Further investigations and results
at different operation points can be visited in [182].

Model Predictive Controller

The last algorithm to be analyzed is the linear MPC as structured in Figure
3.34. The results are obtained via PiL, where the setup is further explained in
section 5.2. The sampling frequency is selected as 250 Hz to achieve a prediction
horizon of approximately five grid periods. This choice limits the achievable
control update rate, and therefore the outer-loop transient performance is reduced
to maintain consistency with the simulation scenarios. Using the methodology
described in subsection 3.5.3, the resulting tuning variables were chosen as in
Table 3.4.

The same simulated test routine presented in Figure 3.35 is now given in Figure
3.46 for the MPC algorithm. Here the following state constraints are imposed:

� Pac,Qac,Pdc do not surpass 5% of its reference value;

� WMMC does differ 3% of its reference value;

� WΣ and W∆ cannot differ more than 12%.

Notice the first half are dynamic constraints, online adapted to the MMC’s de-
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Table 3.4: Desired closed-loop bandwidth for unconstrained MPC design

Symbol Scenario 1

ωdc 2π × 33 Hz

ωac 2π × 50 Hz

ωz 2π × 50 Hz

ω0 2π × 10 Hz

ωΣ 2π × 10 Hz

ω∆ 2π × 10 Hz

Np 20

Nc 5

R̄W

[
1 1 0.01 0.01 0.01 0.01 0.01 0.01

]

sired operation point, while the rest is fixed, as the remaining Σ∆ components
(PΣα, PΣβ, P∆α, P∆β, P∆0) are usually regulated to zero.
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Figure 3.46: PiL test setup for MPC – original states

A detailed view of the response to an active power reference change at t = 1 s
(200 kW to 1 MW) is shown in Figure 3.47. The results for both constrained (ad-
ditionally indexed by C) and unconstrained (indexed by U) cases are presented.
In both cases the active power reference is well tracked at the desired transient
performance and the total energy returns to its reference. However, for the un-
constrained case the imposed total energy constraint (in dashed lines) would be
surpassed. In the constrained case, the limits are not surpassed. Consequently
the power decoupling time is smaller. Since the energy cannot decrease below
3%, the input power must react faster–while still successfully respecting the im-
posed input power limits. Furthermore, both horizontal and vertical reference
changes are investigated in Figure 3.48, which well tracked for both constrained
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Figure 3.47: PiL test setup for MPC – power decoupling
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and unconstrained case. Although, the desired transient time is closely achieved
for both cases, a slight overshoot is unavoidable. This is due to the resulting
zeros in augmented model used to design the MPC algorithm. Furthermore for
both cases a residual steady-state error in the zero vertical component persists.
This remains as a point for further investigation.
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Figure 3.48: PiL test setup for MPC – horizontal and vertical energy

The results originate from the implementation of the MPC algorithm on an em-
bedded target, as C-code running on the processor core of a Zynq-7020 System-
On-Chip (SoC). As previously highlighted, the conception of solver algorithm
is a research topic itself. Here, the main goal is to access the performance and
feasibility of the designed algorithm in a low-cost platform. Therefore, the test-
scenario in Figure 3.46 is carried-out in the PiL test setup, at different prediction
and control horizons, all leading to stable operation. Most importantly, the pro-
cessing time required to execute the MPC algorithm are measured. Here, two
distinguishable processing times are highlighted:

� Peak processing time during a transient event – T̂exe,t

� Peak processing time during in steady state – T̂exe,s

The results are summarized in Table 3.5. In the first four tests, the unconstrained
MPC performance was investigated. Here, the processing time never surpasses the
controller sampling time (Ts = 4 ms) and its processing time remains constant for
different prediction and control horizons. As expected, transient events already
lead to increased processing times. Nevertheless, it is important to highlight the
role of the compiler optimization capability. Simply by using the first level of
optimization available (O1), the processing time is reduced to 50%. Further op-
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timization levels would require more hardware processing resources, which were
not available. Such optimization plays a more important role for constrained
cases. Comparing test C1 and C2, the value decreases to approximately one-
fourth. Surprisingly to notice, for control horizons closer to the prediction hori-
zon, the processing time increases. The last, naturally increases with control
horizon (Nc1). Alternatively, the control horizon can remain and the horizons at
which the constraints are employed (Nc2,) can be reduced. This is considered in
C7 and C8 and plays a major role on the execution time. Lastly, for lower control
horizons a further optimization level was possible to obtain. However comparing
C7 and C10, the performance increment is not significant.

Table 3.5: MPC Test performance metrics (Execution times in ms)

Test Np Nc1 Nc2 T̂exe,t T̂exe,s O-Level

U1 20 20 - 2.688 0.019 None

U2 20 20 - 1.015 0.008 O1

U3 15 15 - 1.015 0.008 O1

U4 10 10 - 1.015 0.008 O1

C1 20 5 5 164.215 10.660 None

C2 20 5 5 45.878 3.114 O1

C3 15 5 5 99.749 4.226 O1

C4 10 5 5 111.447 8.671 O1

C5 10 3 3 28.891 1.323 O1

C6 15 3 3 11.145 0.936 O1

C7 20 5 3 5.746 0.744 O1

C8 10 3 2 4.341 0.374 O1

C9 20 2 2 4.542 0.323 O1

C10 20 3 3 5.723 0.682 O2

Although the implementation did not meet real-time constraints on the chosen
embedded target, as the execution time exceeded the sampling interval, these
results highlight the importance of a PiL test setup to assess hardware suitability
and to identify computational bottlenecks in the control algorithm for step-by-
step optimization. Nevertheless, the provided results prove the suitability of the
MPC algorithm to obtain the power decoupling feature.
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4 High Step-Down Transformerless
Capability

This section explores another interesting feature of the MMC topology, highlight-
ing its low voltage gain capability in MVDC and HVDC applications. Unlike
traditional DC-DC topologies (Figure 1.10a) or series-parallel arrangements of
galvanically isolated converters (Figure 1.14c), the MMC enables a configurable
step-down operation, allowing a transformer-free interface between MVDC and
LVDC grids. Interestingly, its primary motivation originates from the second
SDGs in Figure 1.1, which is briefly discussed in the following subsection. After-
wards, the step-down transformerless concept is introduced. Due to the adopted
switching scheme, the MMC cannot be directly treated as an AAM–a limitation
that is addressed in the proposed solution. However, this led to the develop-
ment of an accurate reduced-order model, whose derivation is explained in detail.
The resulting model enables the implementation of an adaptive control strategy,
complementing the control algorithms outlined in previous section. Finally, sim-
ulation and experimental results are presented to validate the proposed concepts.

4.1 Concept

4.1.1 Complementary motivation

The global rise in population and urbanization has increased concerns about the
preservation of environmental resources and the sustainable production of food.
In response, the development of fully automatic, highly efficient and zero-emission
agricultural machinery represents a significant progress toward Precision Farming
concepts [183]. Traditionally, achieving electrification in such machinery involves
the use of substantial battery banks installed on tractors, resulting in a bulky,
heavy, and costly setup. Hence belonging to the ”Hard-to-electrify” group. As a
solution, these machines could remain cable-connected to the electrical grid when
working in a limited perimeter and use its battery to move between working fields.
A feasibility study exploring this concept is discussed in greater detail in [184].
Given the high power demand in agriculture, this electrification concept benefits

109
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from the deployment RES. Such combination results in semi-stationary energy
storage and reduces the main grid dependence, as explained in the introduction
chapter. The outcome is a more sustainable and economically viable operation, as
elaborated in [185]. For the reasons highlighted in subsection 1.1.2, considering a
DC-grid integrating RES, ESS and electrically-driven loads directly offers greater
efficiency potential. The project GridCON researches this possibility [186].

4.1.2 Mobile Side Converter

Figure 4.1: Project GridCON – System overview

In this electrification concept, represented in Figure 4.1, each agricultural machine
is supplied by a MVDC bus. In this way, transmissions losses throughout the sup-
plying cables are reduced. This isolated DC-microgrid is created with the help
of a galvanic isolated boost converter, named Supply Side Converter (SSC). To
comply with the vehicle’s electrical system requirements, a unidirectional trans-
formerless, MMC-based DC-DC converter is used to step-down the MVDC (Udc1)
to a lower DC voltage level (Udc2), here named MSC. This topology, embedding
a MMC and diode rectifier is represented in Figure 4.2.
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Figure 4.2: Mobile Side Converter MSC

4.1.3 Voltage step-down

To better illustrate the high-voltage step-down capability, consider a more de-
tailed representation of the arm voltage generation, as discussed in Subsections
2.1.2 and 2.1.3. In typical HVDC applications with multiple submodules per arm,
NLM is a natural choice due to its minimal switching frequency. When applied
to a 7L-MMC, the resulting upper and lower arm voltage waveforms are shown
in Figure 4.3. Assuming ideally balanced submodules, the natural switching se-
quence for both arms in the first half-cycle of the fundamental grid frequency is
provided in the same figure.

For a small number of submodules, it is common practice to utilize all available
submodules to achieve the highest possible output voltage quality. Essentially,
at any given time, half of the available submodules per phase are inserted. From
the perspective of Udc1, the MMC effectively operates as virtual a capacitor bank
with Nsm capacitors in series, resulting in an evenly divided voltage distribution.
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Figure 4.3: Nearest Level Modulation principle - full submodule usage
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Hence, the average submodule voltage yields,

UCsm =
Udc

Nsm

. (4.1)

Additionally, (4.1) normally provides the submodules capacitor rated voltage.
Else, for the application presented in the previous chapter, (2.13) should be con-
sidered.

Increasing the number of inserted submodules results in a larger number of series-
connected capacitors, causing the same Udc1 to be distributed across Nins submod-
ules per phase and thereby reducing the voltage stress per submodule. However,
this reduces the number of available voltage levels for modulation, leading to a
degradation in output voltage resolution, as illustrated in Figure 4.4. Accordingly,
the number of achievable levels is now given by

NL = 2Nsm −Nins + 1 (4.2)

and (2.13) must be updated to include this variation, yielding

UCsm =
Udc

Nins

where, Nsm ≤ Nins ≤ 2 (Nsm − 1) . (4.3)

In this example, the impact of partial submodule usage is presented in Table 4.1.
Firstly, inserting more submodules offers an effective lower voltage gain, which is
necessary to step from MVDC to LVDC efficiently. Secondly, at the component
level, the required submodule-rated voltage decreases with Nins. Therefore, this
leads to a reduction in volume, which is particularly beneficial given the impor-
tance of power density in this application. Additionally, the same table presents
various design options, utilizing different numbers of submodules. As discussed
in [187, 188], evaluating the trade-off between volume and cost is essential. The
selected design choice is highlighted in Table 4.1

Although the resulting 3L output waveform would not be acceptable for an IPC,
this is not the case when the voltage is rectified and the MSC operates as DC-DC
converter. In fact, the Single-Active-Bridge (SAB) operates in similar fashion and
has been deployed for higher power applications [189, 190]. From the operation
point of view, it can only operate in buck mode, which limits its operation voltage
range. For most galvanic isolated high-power topologies, deviating much from a
unit gain operation, results in design challenges, specially at the power trans-
former side. In the next section, an alternative simple modulation is introduced
to enable the desired output voltage.
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Figure 4.4: Nearest Level Modulation principle - partial submodule usage
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Table 4.1: Impact of partial submodule usage

Udc [V] Nsm Nins NL UCsm [V]

6000

4

4 5 1500

5 4 1200

6 3 1000

5

5 6 1200

6 5 1000

7 4 857

8 3 750

6

6 7 1000

7 6 857

8 5 750

9 4 667

10 3 600

4.2 Block modulation

In the MSC, the Block Modulation (BM) technique is employed to simultane-
ously convert DC voltage into AC voltage while stepping down its amplitude.
This modulation effectively enables the MMC to operate equivalently as a 3L
controllable voltage source. Essentially, the BM makes use of a single triangular
carrier and NL−1 modulation indexes per phase to obtain the submodule’s gating
signals. For this application, only two modulation indexes are applied, namely
mpx for the upper- and mnx for the lower arm. These are kept fixed for an entire
carrier period T = 2π/ω for minimal switching actions and ideally share equal
amplitude to reduce circulating current and inrush of DC current from the MVDC
bus, as explained in section 2.2. Considering an inverse half-wave symmetry, a
bipolar square wave with adjustable pulse width is obtained for each arm. This
principle and resulting voltage waveforms are given in Figure 4.5 for different
modulation amplitudes. Assuming this represents phase a, the remaining phases
b and c follow the same logic, however with a phase-shifted triangular carrier by
2π/3 and 4π/3, respectively.

Notice the modulation index width is inversely proportional to the pulse width.
Considering all imposed symmetry constraints, it becomes straightforward to use
a single control variable, the modulation index amplitude mu = 1 − mpx and
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Figure 4.5: Block Modulation: Resulting upper, lower and differential voltage

mu = 1 −mnx, uniformly across all arms. The resulting differential voltage per
phase can be expressed with the help of the following switching function,

S(θ) =



0, 0 ≤ θ < π
2
(1 −mu)

+1, π
2
(1 −mu) ≤ θ ≤ π

2
(1 + mu)

0, π
2
(1 + mu) < θ < π

2
(3 −mu)

−1, π
2
(3 −mu) ≤ θ ≤ π

2
(3 + mu)

0, π
2
(3 + mu) < θ < 2π

, (4.4)

and assuming well balanced submodules,

usx(θ) = Sx(θ)Usm (4.5)

Lastly, the resulting RMS voltage yields,

Usx = Usm

√
1

2π

∫ 2π

0

S2
x(θ)dθ =

√
muUsm (4.6)

4.3 MSC operation modes

Making use of the derived switching function, the MMC is modeled as 3L control-
lable voltage source for each phase. The equivalent phase inductors, as defined in
(2.41) limit the current flow between the diode bridge and the controllable volt-
age source as represented in Figure 4.6. Since the diode bridge exhibits switching
behavior that depends on the operating conditions [191], achieving the desired
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control performance becomes challenging. This will be investigated in this sec-
tion. A similar analysis of the 3PH-SAB has been presented in [192]. However
the SAB only include a HB per phase, resulting in fewer achievable levels. There-
fore, a reduced number of DOFs leads to a smaller number of possible operating
and conduction modes. For this analysis, the losses and forward voltages in the
semiconductors are neglected.

Figure 4.6: Equivalent model of MSC for operation mode analysis

4.3.1 Output voltage

The main objective of the MSC is to regulate the voltage across the output
capacitor. First, the MSC voltage gain is investigated. In essence, the line-to-
line differential voltages resulting from increase mu determine the MSC average
output voltage. Hence, the rectified voltage is given by

uR = max (|usa − usb| , |usb − usc| , |usc − usa|) . (4.7)

Without considering the magnitude of Cdc2, the resulting average output voltage
yields

Udc2 =
1

2π

∫ 2π

0

uR(θ) dθ. (4.8)

Furthermore, three different operation ranges are identified:

� Range 1: 0 ≤ mu ≤ 1
3

� Range 2: 1
3
< mu ≤ 2

3

� Range 3: 2
3
< mu ≤ 1

The main difference between the operating ranges arises from the line-to-line
voltage overlap. In the first range, the phase voltages do not overlap. Therefore,
the highest obtainable output voltage is Usm. In the second range, the output
voltage can be increase up to 2Usm. In last range, increasing mu will not lead to
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a higher voltage. Combining this information, (4.8) can be simply written as

Udc2 =

 3Usmmu, 0 ≤ mu < 2
3

2Usm,
2
3
≤ mu ≤ 1

(4.9)

For each range, an example of the resulting differential, line-to-line and rectified
voltages is provided in the figures below.

Figure 4.7: Differential, line-line and rectified voltage at mu = 0.25
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Figure 4.8: Differential, line-line and rectified voltage at mu = 0.5
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Figure 4.9: Differential, line-line and rectified voltage at mu = 0.75

4.3.2 Output power

The voltage regulation task must be fulfilled at varying power loads. The equiva-
lent phase inductance and output capacitor, will determine the current shape per
phase. Since a single diode allows an electric current to pass only in the forward
direction, the power flow can only be adjusted by the MMC controllable voltage
sources. Hence the MSC operation is investigated here under different load condi-
tions, represented by an ideal current sink. Together with a quite large capacitor,
it is now assumed Udc2 to be kept at constant desired value for the following anal-
ysis. Consequently four different operation voltage modes were identified and
outlined, determined by voltage ratios between Udc2 and Usm, as listed in Table
4.2. Each ratio defines a unique set of sub-modes in which the operating point
is determined by a fixed expression of the control input mu, subject to specific
boundary conditions.

For Ratios 1 and 2, power starts flowing whenever the modulation index mu

exceeds 0. However, in Ratios 3 and 4, currents flow starts at mu > 1/3, at-
tributed to the overlap described in the previous subsection required for gener-
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Table 4.2: Operation modes for different voltage ratios

Operation Mode Voltage Ratio

Ratio 1
Udc2

Usm

<
1

2

Ratio 2
1

2
≤ Udc2

Usm

< 1

Ratio 3 1 ≤ Udc2

Usm

<
3

2

Ratio 4
3

2
≤ Udc2

Usm

< 2

ating a phase-to-phase voltage amplitude surpassing Udc2, enabling the diodes
to conduct. Each mode is divided in multiple sub-modes, whereas the resulting
rectified current iR becomes a function of mu. According to the requirements of
Project GridCON [193], the MSC is designed to operate at Ratio 3. In practice,
this allows a smoother power flow interruption in abnormal circumstances, with-
out a complete shutdown. This is achieved by reducing mu ≤ 1/3, which briefly
disables the diode-bridge conduction. The extensive analysis is considered for
only for Ratio 3 and further extended accordingly for the remaining ratios in Ap-
pendix D. Due to the imposed three-phase symmetry, the current equations are
only described for phase a, while isb and isc are derived by simply phase-shifting
isa. Due to the odd symmetry current function, its sufficient to describe the
current slopes in the range from [0, π]. In total, three discontinuous and three
continuous sub-modes were found. Each mode is characterized by a different
phase current dynamic and corresponding boundary conditions, are summarized
in Table 4.3.

Discontinuous conduction mode 1 (DCM1)

For values of mu > 1/3, the converter works in the DCM1 and therefore, the
phase currents have mostly zero values stages. In Table 4.4 the current equations
are given in the range from [0, π]. The waveform of the current, as well as voltages
usa, usb and usc are presented in Figure 4.10, for an arbitrary control input within
the defined boundary conditions. Applying the inductor voltage-second balance
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Table 4.3: Boundary conditions

Sub-mode Boundary conditions

DCM1 1
3
≤ mu < Udc2

3Usm

DCM2 Udc2

3Usm
≤ mu < 2Udc2

3(3Usm−Udc2)

DCM3 2Udc2

3(3Usm−Udc2)
≤ mu < Usm+2Udc2

6Usm

CCM1 Usm+2Udc2

6Usm
≤ mu < 2

3

CCM2 2
3
≤ mu < 5Usm−2Udc2

3Usm

CCM3 5Usm−2Udc2

3Usm
≤ mu ≤ 1

principle [194], the phase current equations are found in Table 4.4. Notice that
isa is zero at the points:

i0 = i1 = i3 = i4 = i6 = i7 = 0 (4.10)

From the equation of interval 2 in Table 4.4 and condition (4.10), the angle φ1

can be calculated by

φ1 =
−i22ωL

Usm − Udc2

. (4.11)

This angle is simply an operation dependent auxiliary variable, representing a
current growtth/decay subperiod. Replacing i2 in (4.11) with the equation of
interval 3 in Table 4.4, φ1 is given by

φ1 = π
Udc2 − 2Usm

Usm − Udc2

3mu − 1

3
. (4.12)

If mu is increased, φ1 is eventually equal to

φ1 =
2π

3
−muπ. (4.13)

Therefore, rearranging equation (4.13), it results in the upper bound of mu for
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which the converter works in DCM1 and is given by

mu =
Udc2

3Usm

. (4.14)

Figure 4.10: DCM13

Table 4.4: Current equations for isa in DCM1

Interval Current equations for phase a: isa

1 i1 − i0 = 0 (π
2
− muπ

2
)

2 i2 − i1 = 2Usm−Udc2

2ωL
(muπ − π

3
)

3 i3 − i2 = Usm−Udc2

2ωL
φ1

4 i4 − i3 = 0 (2π
3
−muπ − φ1)

5 i5 − i4 = 2Usm−Udc2

2ωL
(muπ − π

3
)

6 i6 − i5 = Usm−Udc2

2ωL
φ1

7 i0 − i6 = 0 (π
2
− muπ

2
)
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Discontinuous conduction mode 2 (DCM2)

For mu > Udc2

3Usm
, the converter operates in DCM2 as depicted in Figure 4.11. Unlike

in DCM1, the currents have zero stages in DCM2 but not all currents are zero at
the same time. Therefore, if one phase current is zero, the diodes corresponding
to the other phases are conducting. The current equations of phase a are given
in Table 4.5. From Figure 4.11, the current isa is equal to zero at

i0 = i1 = i8 = i9 = 0 (4.15)

Due to the odd symmetry of isa, it is

i7 = −i15 (4.16)

and the angle φ2 is given by

φ2 =
−i7 3ωL

Udc2

. (4.17)

i15 is calculated with Table 4.5 and condition (4.16) to

i15 = −3muπUsm − πUdc2

2ωL
= −i7. (4.18)

By inserting equation (4.18) in (4.17), φ2 is

φ2 = π
3muUsm − Udc2

Udc2

. (4.19)

If mu is large enough, it results in the condition

φ2 = muπ − π

3
(4.20)

from which the upper bound of mu is given as

mu =
2Udc2

3(3Usm − Udc2)
. (4.21)
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Figure 4.11: DCM23

Table 4.5: Current equations for isa in DCM2

Interval Current equations for phase a: isa

1 i1 − i0 = 0 π
2
(1 −mu)

2 i2 − i1 = 3Usm−Udc2

3ωL
φ2

3 i3 − i2 = 2Usm−Udc2

2ωL
(muπ − π

3
− φ2)

4 i4 − i3 = Usm−Udc2

2ωL
(2π

3
−muπ)

5 i5 − i4 = 3Usm−2Udc2

3ωL
φ2

6 i6 − i5 = 2Usm−Udc2

2ωL
(muπ − π

3
− φ2)

7 i7 − i6 = Usm−Udc2

2ωL
(2π

3
−muπ)

8 i8 − i7 = −Udc2

3ωL
φ2

9 i0 − i8 = 0 (muπ
2

− π
6
− φ2)

Discontinuous conduction mode 3 (DCM3)

Should mu exceed 2Udc2

3(3Usm−Udc2)
, the converter operates in DCM3. The current has

zero stages similar to DCM2, but with slightly different slopes as shown in Figure
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4.12. All the current equations are given in Table 4.6. By referring to the same
figure, the current crosses zero at

i2 = i3 = 0 (4.22)

Due to the odd symmetry of isa, following in

i1 = −i10 (4.23)

The angle φ3 can be calculated with the results from Table 4.6 and condition
(4.23) to

φ3 =
3muUsm −muUdc2 − 2

3
Udc2

Usm + Udc2

. (4.24)

In the case, mu is increased such that

φ3 =
2π

3
−muπ (4.25)

and the upper bound of mu results in

mu =
Usm + 2Udc2

6Usm

. (4.26)

Figure 4.12: DCM33
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Table 4.6: Current equations for isa in DCM3

Interval Current equations for phase a: isa

1 i1 − i0 = Udc2

3ωL
(muπ

2
− π

6
)

2 i2 − i1 = Usm+Udc2

3ωL
φ3

3 i3 − i2 = 0 (2π
3
−muπ − φ3)

4 i4 − i3 = 3Usm−Udc2

3ωL
(muπ − π

3
)

5 i5 − i4 = 2Usm−Udc2

3ωL
φ3

6 i6 − i5 = Usm−Udc2

2ωL
(2π

3
−muπ − φ3)

7 i7 − i6 = 3Usm−2Udc2

3ωL
(muπ − π

3
)

8 i8 − i7 = Usm−2Udc2

3ωL
φ3

9 i9 − i8 = Usm−Udc2

2ωL
(2π

3
−muπ − φ3)

10 i0 − i9 = −Udc2

3ωL
(muπ

2
− π

6
)

Continuous conduction mode 1 (CCM1)

When mu is in the range
[
Usm+2Udc2

6Usm
, 2
3

]
, the current is continuous over the com-

plete period and the converter works in continuous conduction mode. In Figure
4.13 the waveform of the current is illustrated. Table 4.7 summarizes all current
equations in CCM1. Now, the current crosses zero at

i3 = i12 = 0 (4.27)

and because of the odd symmetry, it holds

i2 = −i11 (4.28)

From Table 4.7 and condition (4.28), the angle φ4 is equal to



128 4 High Step-Down Transformerless Capability

φ4 = π
6muUsm − Usm − 2Udc2

9Usm

(4.29)

Figure 4.13: CCM13

Table 4.7: Current equations for isa in CCM1

Interval Current equations for phase a: isa

1 i1 − i0 = Udc2

3ωL
(πmu

2
− π

6
)

2 i2 − i1 = Usm+Udc2

3ωL
(2π

3
−muπ)

3 i3 − i2 = 3Usm+Udc2

3ωL
φ4

4 i4 − i3 = 3Usm−Udc2

3ωL
(muπ − π

3
− φ4)

5 i5 − i4 = 2Usm−Udc2

3ωL
(2π

3
−muπ)

6 i6 − i5 = 3Usm−Udc2

3ωL
φ4

7 i7 − i6 = 3Usm−2Udc2

3ωL
(muπ − π

3
− φ4)

8 i8 − i7 = Usm−2Udc2

3ωL
(2π

3
−muπ)

9 i9 − i8 = −2Udc2

3ωL
φ4

10 -i0 − i9 = −Udc2

3ωL
(muπ

2
− π

6
− φ4)
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Continuous conduction mode 2 (CCM2)

If mu > 2
3
, the converter operates in CCM2. Unlike CCM1, now the voltages

overlap is more frequent per period, driving the phase current as shown in Figure
4.14. The current equations are given in Table 4.8. From Figure 4.14, the current
crosses zero at

i3 = i12 = 0 (4.30)

Due to the odd symmetry of the current, condition (4.31) is fulfilled.

i2 = −i11 (4.31)

The angle φ5 is then obtained from Table 4.8 and condition (4.31). Furthermore
φ5 results in

φ5 = π
5Usm − 3muUsm − 2Udc2

9Usm

. (4.32)

Increasing mu, yields on a decreasing angle φ5. For φ5 = 0, the upper bound of
mu is given by

mu =
5Usm − 2Udc2

3Usm

. (4.33)

Figure 4.14: CCM23
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Table 4.8: Current equations for isa in CCM2

Interval Current equations for phase a: isa

1 i1 − i0 = Udc2

3ωL
(π
2
− muπ

2
)

2 i2 − i1 = 2Usm+Udc2

3ωL
(muπ − 2π

3
)

3 i3 − i2 = 3Usm+Udc2

3ωL
φ5

4 i4 − i3 = 3Usm−Udc2

3ωL
(π −muπ − φ5)

5 i5 − i4 = 4Usm−Udc2

3ωL
(muπ − 2π

3
)

6 i6 − i5 = 3Usm−Udc2

3ωL
φ5

7 i7 − i6 = 3Usm−2Udc2

3ωL
(π −muπ − φ5)

8 i8 − i7 = 2Usm−2Udc2

3ωL
(muπ − 2π

3
)

9 i9 − i8 = −2Udc2

3ωL
φ5

10 −i0 − i9 = −Udc2

3ωL
(π
2
− muπ

2
− φ5)

Continuous conduction mode 3 (CCM3)

Further increasing mu in the last boundary region, the converter works in CCM3
as illustrated in Figure 4.15. All the current equations are given in Table 4.9.
The current crosses zero at

i2 = i11 = 0 (4.34)

and because of the odd symmetry, condition (4.35) results therefore.

i1 = −i10 (4.35)

From Table 4.9 and condition (4.35), the angle φ6 is equal to
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φ6 = π
3muUsm + Usm − 2Udc2

6Usm

(4.36)

Figure 4.15: CCM33

Table 4.9: Current equations for isa in CCM3

Interval Current equations for phase a: isa

1 i1 − i0 = Udc2

3ωL
(π
2
− muπ

2
)

2 i2 − i1 = 2Usm+Udc2

3ωL
φ6

3 i3 − i2 = 2Usm−Udc2

3ωL
(muπ − 2π

3
− φ6)

4 i4 − i3 = 3Usm−Udc2

3ωL
(π −muπ)

5 i5 − i4 = 4Usm−Udc2

3ωL
φ6

6 i6 − i5 = 4Usm−2Udc2

3ωL
(muπ − 2π

3
− φ6)

7 i7 − i6 = 3Usm−2Udc2

3ωL
(π −muπ)

8 i8 − i7 = 2Ūsm−2Udc2

3ωL
φ6

9 i9 − i8 = 2Usm−Udc2

3ωL
(muπ − 2π

3
− φ6)

10 −i0 − i9 = −Udc2

3ωL
(π
2
− muπ

2
)
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4.4 Adaptive control strategy

4.4.1 Reduced order model

From a circuitry point of view, it would be interesting to separately considered
each inductor current. However, only the rectified current iR, given in (4.37)
directly affects the output capacitor voltage. Therefore the average value of iR
over one switching period is used to derive a simplified model of the MSC output
behavior, as shown in (4.38).

iR = iD1 + iD2 + iD3 = −(iD4 + iD5 + iD6) (4.37)

IR =
1

2π

∫ 2π

0

iR(φ)dφ (4.38)

For all conduction modes and boundary conditions, IR is summarized in Table
4.10. Figure 4.16 shows the comparison between simulated switching MSC current
iR and the calculated average values of IR, validating the presented mathematical
derivation. Finally, a reduced model for control purpose is achieved. Represented
in Figure 4.17, it mainly simplifies the entire MSC to a single output voltage
dynamic is given by (4.39).

Cdc2
dudc2

dt
= iR − idc2 (4.39)

Table 4.10: Average rectified current IR for each operation mode

Mode Average value of IR

DCM1
π

12ωL

Usm(2Usm − Udc2)

Udc2 − Usm

(3mu − 1)2

DCM2
πUsm

12ωLUdc2

((27Usm − 9Udc2)m
2
u − 2Udc2)

DCM3
πUsm

ωL(Usm + Udc2)
((Usm − Udc2

3
)(3m2

u + mu) − (Usm

6
+ 5Udc2

18
))

CCM1
π

27ωLUsm

(−9Usmm
2
u + 21U2

smmu − (U2
sm + 2U2

dc2))

CCM2
π

27ωLUsm

(−9Usmm
2
u + 21U2

smmu − (U2
sm + 2U2

dc2))

CCM3
π

36ωLUsm

(−9Usmm
2
u + 18U2

smmu + (7U2
sm + 4U2

dc2))
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Figure 4.16: Comparison between switching and reduced equivalent models

Figure 4.17: Reduced model of MSC for control purposes

4.4.2 Controller design

Now, the main objective of the MSC is to regulate its output capacitor voltage and
guarantee a reliable supply for the agricultural machine. Its electrical system and
load are modeled as a variable current source (Idc2), which is system disturbance
from a control perspective. As in previous chapter, the chosen control structure
is a 2-DOF. As first priority, the controller is designed to obtain a closed-loop
disturbance response similar to a critically damped (ζ > 1) second-order system,
as described by (4.40).

G∗
dr(s) =

1

Cdc2

· −s

s2 + 2ζdωds + ω2
d

=
Udc2(s)

Idc2(s)
(4.40)

This guarantees a robust and smooth response to a step load change, allowing the
voltage to return to its steady-state reference at the desired dynamic ωd. Consider
first the control structure in Figure 4.18, which is designed to instantly track its
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rectified current reference (I∗R). This reference is determined by the control action
of Gc(s), which is responsible to regulate the output voltage (Udc2).

Figure 4.18: Block diagram of ideal linear controller

In order to design Gc, the system closed-loop disturbance response (4.41) is
matched to the desired transfer function (4.40). The outcome is a PI structure
with coefficients given in (4.42).

Gdr(s) = − Gp

1 + GcGp

(4.41)

Kp = 2ζdωdCdc2 Ki = Cdc2ω
2
d (4.42)

Accordingly, the closed-loop step response of this system is given by (4.43), which
features the same poles as (4.40), with an undesirable additional zero.

Gsr(s) =
GpGc

1 + GcGp

=
ωd(ωd + 2ζds)

s2 + 2ζdωds + ω2
d

(4.43)

For the agriculture machine, its voltage reference change should be as smooth as
possible to avoid high current inrush from the MSC. Therefore the same dynamic
response as to a load change is not required. Hence, the desired reference step
response is given by the (4.44), where as ζd ̸= ζs and ωd ̸= ωs.

G∗
sr(s) =

ω2
s

s2 + 2ζsωss + ω2
s

=
Udc2(s)

U∗
dc2(s)

(4.44)

To accomplish this, an input shaping function is designed, as described in equation
(4.45). Following this methodology, the system’s disturbance and step response
can be independently designed, according to the desired performance.

Gis(s) =
G∗

sr(s)

Gsr(s)
=

ω2
s (s2 + 2ζdωds + ω2

d)

ωd(ωd + 2ζds)(s2 + 2ζsωss + ω2
s )

(4.45)

Due to the MSC non-linear behavior and limited control bandwidth, a linear con-
troller cannot ensure satisfactory tracking I∗R across the entire desired operating
range. Instead, using the insights gained in the previous circuit analysis, an adap-
tive feedforward law is obtained, which highly approximates the inverse non-linear
characteristic of the MSC, for its entire operation range. This is accomplished by
using the functions given in Table 4.11.
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Table 4.11: MSC modulation index mu for each desired operation

Mode MSC modulation index mu

DCM1
1

3
+

√
12ωLI∗R

9π

Udc2 − Usm

Usm(2Usm − Udc2)

DCM2

√
12ωLUdc2I

∗
R + 2πUsmUdc2

9πUsm(3Usm − Udc2)

DCM3 −1

6
+

√
πU2

sm + πUsmUdc2 + 4ωLUsm + Udc2I
∗
R

4πUsm(3Usm − Udc2)

CCM1
7

6
−

√
45πU2

sm − 8πU2
dc2 − 108ωLUsmI

∗
R

36πU2
sm

CCM2
7

6
−

√
45πU2

sm − 8πU2
dc2 − 108ωLUsmI

∗
R

36πU2
sm

CCM3 1 −

√
16πU2

sm − 4πU2
dc2 − 36ωLUsmI

∗
R

9πU2
sm

These establish a relation to obtain the modulation index, from the actual oper-
ation mode and desired (I∗R). Furthermore, these are used online, proving a fast
adaptation the converter operation mode. Any model inaccuracies are handled
by the output voltage controller, which will smoothly adapt the desired (I∗R), and
correct (mu). The overall designed control block diagram is given in Figure 4.19.

Figure 4.19: Block diagram of proposed adaptive controller

4.5 Results

The controller is now evaluated and simulated against the MSC’s switching model.
Its parameters are listed in Table 5.3. Details of its design and construction are
provided in section 5.3. This model provides a good representation of Hardware
used in the project GridCON. As an example, the steady state operation of the
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MSC at 125 kW and MVDC bus at 5 kV is given in Figure 4.20. Corresponding
waveforms obtained from the switching model are presented in Figure 4.21 and
Figure 4.23, demonstrating a close match with the fundamental behavior observed
in the hardware measurements.

0.3 0.301 0.302 0.303 0.304 0.305

1000

2000

3000
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Figure 4.20: Hardware demonstrator – Input and output voltage
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Figure 4.21: Simulation demonstrator – Resulting arm voltage in phase B
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Figure 4.22: Hardware demonstrator – Resulting arm voltage in phase B
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Figure 4.23: Simulation demonstrator – Resulting arm current in phase B
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Figure 4.24: Hardware demonstrator – Resulting arm current in phase B

Furthermore, both the input and circulating currents are illustrated in Figure
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4.25. By employing BM and constraining the number of always-inserted submod-
ules per phase during operation, the circulating currents are naturally low. With-
out considering any additional energy controller, this results in non-significant
ripple on the MVDC side.

0.3 0.301 0.302 0.303 0.304 0.305
-10

0

10

20

30

Figure 4.25: Simulation demonstrator – Resulting circulating and input currents

To validate the controller’s performance, a conventional PI controller (1-DOF
controller and for this section named as linear controller (LC)), designed for the
maximum power transfer operating range, is compared with the proposed adap-
tive controller (AC). The LC was configured to achieve a critically damped step
response with a settling time of 50 ms. Due the to MSC’s non-linear behavior,
the performance of the LC is a achieved on trial-and-error basis. For other op-
eration points, only a stable response was taken into consideration. Similar to
the previous chapter, the proposed AC takes into account to non-linear behavior.
Therefore this comparison aims to demonstrate the AC’s ability to effectively
decouple reference tracking from disturbance rejection, highlighting its superior
adaptability and dynamic performance.

As most operation relies on maintaining Udc2 constant regardless the demanded
load, the disturbance rejection capability of both controllers is compared in Figure
4.26 for several load levels. Initially, the MSC supplies a current of 50 A. At
t = 0.8 s, the current demand steps up to 150 A, followed by a further increase
to its rated value of 400 A after 100 ms. Subsequently, the current demand is
decreased in reverse order. The proposed adopting structure results in a smaller
voltage change at the desired settling time without overshoot, when compared
with the LC option. From Figure 4.27, one notices the chosen load currents
lead to different operation modes. The adaptive term is capable to adjust to the
converter operation point and provide a uniform disturbance rejection response.
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Figure 4.26: Load step change – voltage response
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Figure 4.27: Load step change – modulation index response

Subsequently, the step response to an output voltage reference change for both
controllers is shown in Figure 4.28. First, a current demand of 50 A. Opposite to
LC, the proposed solution provides the desired critically damped response with
the intended transient settling time. Notice, in Figure 4.29 that the reference
change forces the use of three different operation modes. Consequently, using the
LC leads to an undesired overshoot. Focusing on t = 1.8 s, where a lower voltage
reference is requested, the current is quickly reduced to a minimum, allowing the
output capacitor to smoothly discharge.

As expected, for a higher load demand (250 A), there is almost no difference
between both controllers. This test is illustrated in Figure 4.30, which reflects
the fact that during this voltage variation, the operation remains within a single
conduction mode, as shown in Figure 4.31.
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Figure 4.28: Reference change at low load – voltage response

1.3 1.4 1.5 1.6 1.7 1.8 1.9

0.33

0.35

0.37

0.39

0.41

0.43

Figure 4.29: Reference change at low load – modulation index response

Figure 4.30: Reference change at high load – voltage response
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Figure 4.31: Reference change at high load – modulation index response

To conclude, adopting the proposed adaptive control structure not only enhances
the overall control performance but also significantly simplifies the design process
for achieving tangible performance targets. Interestingly, this structure resembles
the feedback linearization approach presented in the previous chapter. However,
since the MSC is a switched system, classical feedback linearization theory does
not apply. Nevertheless, the obtained results demonstrate that the proposed
method achieves a comparable level of performance.
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5 Hardware Setups

During this thesis, several types of practical implementations were carried out.
This chapter provides an overview on the power converters and control platforms
developed and used to obtain the results of previous chapters.

5.1 Low-power prototype

The MMC prototype consists of six identical arms, each comprising six submod-
ules, resulting in a total of 36 SM. The prototype currently rated and validated
for 1 kW operation. However its design allows for up to 10 SM per arm and sup-
ports bidirectional power flow. A visualization of MMC prototype operating as
inverter with resistive loads connected to its output terminals is given in Figure
5.1.

Each SM is rated for 100 V and can be configured either as a HB-SM or a
FB-SM, where a Local Field Programmable Gate Array (LFPGA) is responsible
to monitor the capacitor voltage and safely provide the required gate signals. The
topology is modular, so the the hardware in Figure 5.2 is designed with a flexible
mindset:

� Compatible semiconductors with TO-247 package, enabling the use of Insulated-
Gate Bipolar Transistor (IGBT)s and MOSFETs. Additionally, Silicon, SiC
and GaN Mosfets are currently offered in this package.

� Gate driver boards are easily replaceable for the target semiconductors,
without redesigning the the entire SM.

� The same idea applies for the LFPGA, which is currently a low-cost, low-
performance one.

� The total submodule capacitance can be adjusted to several combinations
of electrolytic- and/or film-based technologies

� For future applications, additional temperature and current sensors where
accounted in the design

� Auxiliary supply accepts a wide range of voltages (9 V – 30 V) and rated

143
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Figure 5.1: MMC 1 kW prototype

power of 25 W

The LFPGAs exchange information with a CFPGA, given in Figure 5.3. The
CFPGA (Artix-7) provides significantly higher performance compared to the
LFPGAs (Spartan-6). This performance advantage is essential for executing the
following tasks:

� Data acquisition – Measurement of all SM voltages, arm currents, DC-
and AC-side voltages. Additionally, low-pass filters are deployed for signal
reliability.

� Actuator – Arm voltage modulation using a level-shifted PWM and sorting
algorithm, described in Figure 2.12.

� Communication interface – Through a target-improved Universal Asyn-
chronous Receive Transmit (UART) communication, the central controller
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Figure 5.2: Prototype half- and full-bridge submodule

exchanges commands and measured data with the master controller and all
submodules.

� Safety – In addition to fault detection, in the central controller, security-
check routines to safely enable and disable the MMC operation are executed

To achieve this, a modular hardware interface was designed, where a base board
currently interfaces six optical fiber boards and four Analog-to-Digital Converter
(ADC) boards and the central controller board. For improved wiring efficiency,
the boards can be placed in any of the available slots. Hence, the current design
provides 48 independent communication channels and 16 measurement channels.
For compatibility with the demonstrator hardware inserted in a MV environment,
the communication occurs via optical fiber receivers and transceivers. The same
applies for the measurements obtained with voltage and current transducers,
where isolated Σ∆-ADC are used. Each ADC board can measure up to eight
transducers.

To achieve this, a modular hardware interface was developed, in which a base
board connects to six optical fiber boards and four ADC boards. The fiber optic
channels facilitate signal exchange with the CFPGA and LFPGAs. For improved
wiring flexibility, the boards can be inserted into any of the available slots. The
current implementation supports 48 independent communication channels and
16 measurement channels. To ensure compatibility with the Demonstrator hard-
ware operating in a medium-voltage environment, communication is handled via
optical fiber receivers and transceivers. A similar approach is applied to voltage
and current measurements, which are acquired using isolated Σ∆ ADC devices.
Each ADC board can interface with up to eight current/voltage transducers.
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Figure 5.3: Central FPGA controller board

Lastly, the master controller is deployed in a cost-effective SoC development
board, named PYNQ-Z2, consists of the combination of two ARM Cortex-A9
CPUs (Processing System (PS)) and a Artix-7 FPGA (Programmable Logic
(PL)). Additionally, an optical fiber interface was developed to communicate
with the central controller, as shown in Figure 5.4. A target-specific UART
communication enables the delivery of relevant data to the master controller for
control algorithm execution. Upon completion, the calculated arm modulation
indexes are transmitted back. Furthermore, the communication between SoC
and CFPGA is established on the PL-side due to the parallel nature of the pro-
grammable logic. In this implementation, the chosen communication channels is
provided in Table 5.1.

The control algorithm is implemented and executed on the PS, offering the imple-
mentation of embedded C-code on the processor. It also provides a user interface
to change reference values and to plot signals/variables on the host PC via USB.
To conclude, the established prototype aims for a decentralized and modular sys-
tem architecture. The hardware of a MMC interconnects several complex sub-
systems. Hence, future different requirements do not lead to an entire hardware
redesign. A block diagram of the system architecture is given in Figure 5.5 and
the MMC prototype circuit parameters is provided in Table 5.2. Further details
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Figure 5.4: Master controller

Table 5.1: Communication channels between Master and CFPGA

Channel
Signals

TX RX

1 UΣ
cp, U

Σ
cn mp,mn

2 Ip, In none

3 Ug, Ig none

4 Udc, Idc none

5 Ready Reset, Error

6 Error type min/max values

are found in works developed in [182, 195]
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Figure 5.5: Block diagram of prototype’s system architecture

5.2 Open Processor-in-the-Loop (OPiL)

Making use of the same line of thinking, any changes in the control algorithm
are now only focused on the SoC development board. Zooming in its structure,
the allocation of available resources for the designed functions is provided in
Figure 5.6. As described earlier, functions were assigned based on convenience and
available resources. However, as systems evolve and control algorithms become
more complex, alternative resource allocation strategies may be required. As
highlighted in [196], the ability to generate binary files alone does not guarantee
successful deployment–posing a risk to the developed hardware.

To mitigate this risk, low-cost testing methods can be employed. One such
method is PiL testing, where the control algorithm is deployed on the embedded
target and evaluated in a closed-loop simulation. In this setup, both the plant
measurements and actuator signals are simulated using simulation platforms as
PLECS and Matlab/Simulink. Since real-time constraints are not enforced dur-
ing PiL test, the implementation can be iteratively refined in closed-loop to meet
acceptable execution performance. PiL also allows safe and efficient experimenta-
tion with different implementation strategies, compiler configurations, and mem-
ory execution options (e.g., from flash or RAM), all while maintaining closed-loop
validation of the controller.
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Table 5.2: MMC prototype - circuit parameter of low voltage MMC

Symbol Description Value

Udc DC grid voltage 120 V

Ld DC interface inductance 750 uH

Ld DC interface resistance 245 mΩ

Rg AC phase load resistor 10 Ω

Larm Arm inductance 3.19 mH

Rarm Arm resistance 47 mΩ

Csm SM capacitor 4.5 mF

Nsm Number of SM per arm 6

UCsm Average SM voltage 20 V

fsamp Sampling frequency 6 kHz

fcar PWM carrier frequency 6 kHz

fsw SM switching frequency 1 kHz

However, to the best of the author’s knowledge, such PiL configurations are
typically restricted to authorized vendors in cooperation with specific simulation
tool providers. As an alternative, an open-source framework OPiL containing pre-
defined functions in C was developed in [197] to manage the data flow between
simulation and controller. These blocks are made modular, so that it can easily
support different simulation software and embedded controllers. As a result, the
control algorithm deployed in the PYNQ-Z2 development board could be tested
against the MMC model developed in PLECS. A general representation of the
OPiL concept is given in Figure 5.7. Further details and resources are given in
[198].

5.3 High-power demonstrator

A representation of 300 kW demonstrator, developed during the GridCON project
is given in Figure 5.8. The circuit parameters are given in Table 5.3. Opposite
to the prototype, the MSC includes an active liquid-cooling system and the over-
all structure is managed to place in a standard server cabinet. Therefore, after
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Figure 5.6: Example of control system implementation in a System-On-Chip

Figure 5.7: Concept of Open Processor-in-the-Loop (OPiL)

a careful component placement without compromising safety limits, a 40% de-
crease in the converter size as compared to its predecessor setup was achieved
[187, 193]. The structure of the SMs replicates that of the prototype, comprising
three separate boards, as illustrated in Figure 5.9. The integrated cooling system
ensures safe operation of both the semiconductor module and the film capacitors,
which are subjected to high current levels. However, the current design is re-
stricted to a half-bridge configuration in order to preserve the high power density
within the MSC. Furthermore, the system architecture closely resembles that
of the prototype, up to the point where the master controller is replaced by a
dSPACE system, as externally dictated by the project requirements. The use of
dSPACE enabled rapid prototyping and easy development of a user interface. A
setup representation is given in Figure 5.10.
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Figure 5.8: Mobile Side Converter – 300 kW Demonstrator
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Figure 5.9: Demonstrator half-bridge submodule

Figure 5.10: Control platform – dSPACE , central FPGA and user interface
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Table 5.3: Circuit parameter of medium voltage MSC Demonstrator

Symbol Description Value

Udc1 DC grid voltage 5600 V

Udc2 Machine voltage 750 V

Cdc2 Output capacitor 12.24 mF

Larm Arm inductance 0.2 mH

Rarm Arm resistance 10 mΩ

Csm SM capacitor 0.88 mF

Nsm Number of SM per arm 5

Nins Number of inserted SM
per Phase

8

UCsm Average SM voltage 700 V

fsamp Sampling frequency 6 kHz

fcar PWM carrier frequency 1 kHz

fsw SM switching frequency 1 kHz
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6 Conclusion

This thesis has explored the topological structure of the Modular Multilevel
Converter, with focus on its modularity and flexible energy storage capabili-
ties. The research conducted, introduced and analyzed two unexplored features
of the MMC, enhanced by the control strategies developed in the course this
investigation.

6.1 Summary

From the data collected, an increasing population associated with economic growth
in underdevelopment countries will demand more energy production. With the
current energy mix consumption, further global warming is only avoidable through
urgent large-scale electrification based on renewable energy sources and storage
systems. Given that these technologies are inherently DC in nature, a strong
case is made for the transition from traditional AC-based electrical grids to DC
or hybrid AC/DC grid architectures. This transition is made feasible by ad-
vancements in power electronics and converter design, where their fundamental
principles were outlined for basic understanding of the subsequent chapters. For
transmission and distribution networks, only multilevel power converter topolo-
gies can cope with their voltage requirements. Among them, the MMC emerges
as the most flexible, cost-effective and promising solution.

The MMC topology has been analyzed by deconstructing it into its fundamental
building blocks, with particular emphasis on its flexible energy storage capabili-
ties. A comprehensive circuit analysis of the topology was conducted, serving as
the foundation for deriving both linear and nonlinear state-space models. Insights
in available modulation techniques and intra-arm balancing methodologies were
provided. Both switching and average models were described and compared to
prove the suitability of the last. At the cost of increased switching frequency for
lower number of available submodules, the average model effectively represents
the fundamental behavior of the topology, thereby serving as a reliable basis for
control design.

Afterwards, the concept of power decoupling between the AC and DC grids is
introduced. By exploiting the distributed energy storage capability of the MMC,
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distinct transient responses to a common power reference change can be realized
on the AC and DC sides. In this way, the converter can independently regu-
late the power exchange with both networks while simultaneously supporting the
stabilization of the AC and DC grid dynamics. Compared to other converter
topologies, the MMC uniquely enables independent and simultaneous control of
the power exchanged with the source and sink networks. Hence the MMC should
be considered when interfacing grid from different nature, specially when con-
nected with weak networks, where faster transient responses may risk operation
at the weaker side. This capability is enhanced by the installed capacitance and
developed control algorithm. The Input-Output Feedback Linearization tech-
nique was used to cancel the inner-loop non-linear relations. Hence, to obtain
linear and decoupled control of the DC-,AC- and circulating currents. In cas-
caded structure, these are responsible to drive the average energy stored in the
arm capacitors. Such technique is susceptible to parameter uncertainties, which
may jeopardize the control action in a practical setup. To counteract, an ex-
tended disturbance observer was developed. Afterwards a 2-DOF controller has
been designed to control the arm energies and guarantee decoupled disturbance
and reference change dynamics. The controller performance was validated in
a laboratory prototype, built during the course of this thesis. Additionally, to
address hardware limitations, a long-horizon Model Predictive Controller was in-
vestigated as an outer-loop control strategy. The results indicate that it achieves
good performance while respecting constraints on the maximum instantaneous
power exchanged with the grid and the stored energy. The last controller was
tested in a Processor-in-the-Loop environment to access its feasibility under dif-
ferent prediction and constrained horizons.

Additionally, the development of a Mobile Side Converter (MSC) specifically de-
signed for heavy-duty agricultural electrification is presented. In this challenging
application, where electrification is typically difficult, a MVDC microgrid supplies
power to multiple agricultural machines, significantly improving overall system
efficiency. The MSC is intended for direct integration into each machine and uti-
lizes a MMC architecture to step down the MVDC to the LVDC levels required
by onboard subsystems. Unlike conventional approaches, the converter achieves
a high voltage step-down ratio without the use of a transformer by increasing the
number of permanently inserted submodules–trading off the number of available
voltage levels, overall to enhance power density. Despite the highly non-linear
nature of the resulting circuit, its various operational modes are comprehensively
analyzed and experimentally validated using a 300 kW demonstrator. Further-
more, a reduced-order model is developed to support the design of an adaptive
controller capable of delivering distinct and robust transient responses to both
disturbances and reference changes. Compared to traditional solutions, this con-
troller demonstrates significantly improved transient performance and adaptabil-
ity, making it particularly well-suited for handling the dynamic and variable load
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conditions inherent in agricultural applications.

6.2 Future Work

To fully realize the potential of the proposed capabilities, future research should
address the limitations identified in this thesis. Several important and unre-
solved questions have emerged throughout the investigation, offering clear di-
rections for continued exploration. For instance, this work highlights a strong
motivation to achieve a predetermined transient response; however, the presence
of mixed-frequency components within the circulating currents poses a significant
challenge, particularly during reference tracking, making it difficult to meet the
desired dynamic performance.

The concept of power decoupling could be further extended to other functional-
ities of interconnecting power converters, especially under faulty or unbalanced
conditions. Furthermore, the stabilization of the DC grid under long cable config-
urations deserves dedicated investigation, as cable-induced resonances and prop-
agation effects may introduce poorly damped dynamics that challenge both the
control design and the achievable power decoupling performance. Such scenar-
ios introduce additional mixed-frequency components on both the DC and AC
sides of the grid, potentially compromising the effectiveness of the feedback lin-
earization strategy and the robustness ensured by the designed disturbance ob-
server. Advancing research in this direction could also contribute to improve the
performance of the designed MPC strategy. Despite the controller’s strong per-
formance, minor constraint violations in certain energy components have been
observed, likely due to mismatches in the closed-loop model of the circulating
current.

Moreover, exploring alternative solvers for practical implementation of long-horizon
MPC is a promising direction for evaluating the controller’s feasibility in real-
world conditions. Deployment on a more capable embedded platform may also
offer improvements in performance and scalability.

Regarding the MSC, the practical hardware implementation of the proposed
adaptive controller represents a key next step, especially given the encourag-
ing simulation results. Additionally, integrating power decoupling principles into
MSC operation presents an exciting opportunity, although this will first require
the development of a dedicated energy controller for the converter architecture
presented in this work.





A Auxiliary Math

A.1 Reference frames

Figure A.1: Relationships between the Park and Clarke transformations
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A.2 Auxiliary transformations

In this subsection, the auxiliary transformations and vectors are listed as inter-
mediate steps to obtain the non-linear model in subsection 2.3.2.
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A.3 Trigonometry

A1 cos(ω1t) ·A2 cos(ω2t) =
A1A2

2
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2
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n
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B Arm Power Flow

Building on the stability analysis of the internal dynamics in 3.2.2, this section
presents the derivation of the Arm power flow in the MMC as a foundation for
further examination of the energy states. Following the relations in (2.16) and
(3.22), yields,
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+
Rzidcizα

12

+
3Rzigβizβ

16
+

Rzigαizα
16

+

√
3Racidcigβ

6

+

√
3Rdcidcigβ

8
+

√
3Racigβigα

4
−

√
3Rdcidcizβ

4

−
√

3Racigβizα
4

−
√

3Racigαizβ
4

−
√

3Rzidcizβ
12

−
√

3Rzigβizα
16

−
√

3Rzigαizβ
16

+

√
3Rzizβizα

4
(B.5)

Pnc =
Udcidc

6
+

Udcigα
8

− Ugαidc
6

− 3Ugβigβ
8

− Ugαigα
8

− Udcizα
4

+
3Ugβizβ

4
+

Ugαizα
4

− Rdcidc
2

6

− 3Racigβ
2

8
− Racigα

2

8
− 3Rzizβ

2

8
− Rzizα

2

8

+

√
3Udcigβ

8
−

√
3Ugβidc

6
−

√
3Ugβigα

8
−

√
3Ugαigβ

8

−
√

3Udcizβ
4

+

√
3Ugβizα

4
+

√
3Ugαizβ

4

− Racidcigα
6

− Rdcidcigα
8

+
Rdcidcizα

4

+
3Racigβizβ

4
+

Racigαizα
4

+
Rzidcizα

12

+
3Rzigβizβ

16
+

Rzigαizα
16

−
√

3Racidcigβ
6

−
√

3Rdcidcigβ
8

−
√

3Racigβigα
4

+

√
3Rdcidcizβ

4

+

√
3Racigβizα

4
+

√
3Racigαizβ

4
+

√
3Rzidcizβ

12

+

√
3Rzigβizα

16
+

√
3Rzigαizβ

16
−

√
3Rzizβizα

4
(B.6)

Alternatively, consider the total energy per phase and the energy difference be-
tween the upper and lower arms. In steady-state operation, it is desirable to
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maintain equal energy in each phase while ensuring zero difference between the
upper and lower arms. This approach also simplifies the previous derivation.

PΣa = Ppa + Pna

=
Udcidc

3
− Ugαigα + Udcizα

− Rdcidc
2

3
−Racigα

2 −Rzizα
2

−Rdcidcizα − Rzidcizα
3

(B.7)

P∆a = Ppa − Pna

=
Udcigα

2
− 2Ugαidc

3
− 2Ugαizα

− 2Racidcigα
3

− Rdcidcigα
2

− 2Racigαizα − Rzigαizα
2

(B.8)

PΣb = Ppb + Pnb

=
Udc idc

3
− 3Ugβ igβ

4
− Ugα igα

4
− Udc izα

2

− Rdc idc
2

3
− 3Rac igβ

2

4
− Rac igα

2

4
− 3Rz izβ

2

4
− Rz izα

2

4

+

√
3Ugβ igα

4
+

√
3Ugα igβ

4
+

√
3Udc izβ

2
+

Rdc idc izα
2

+
Rz idc izα

6

+

√
3Rac igβ igα

2
−

√
3Rdc idc izβ

2
−

√
3Rz idc izβ

6
+

√
3Rz izβ izα

2
(B.9)

P∆b = Ppb − Pnb

=
Ugα idc

3
− Udc igα

4
− 3Ugβ izβ

2
− Ugα izα

2
+

√
3Udc igβ

4
−

√
3Ugβ idc

3

+

√
3Ugβ izα

2
+

√
3Ugα izβ

2
+

Rac idc igα
3

+
Rdc idc igα

4
− 3Rac igβ izβ

2

− Rac igα izα
2

− 3Rz igβ izβ
8

− Rz igα izα
8

−
√

3Rac idc igβ
3

−
√

3Rdc idc igβ
4

+

√
3Rac igβ izα

2
+

√
3Rac igα izβ

2
+

√
3Rz igβ izα

8
+

√
3Rz igα izβ

8
(B.10)

PΣc = Ppc + Pnc
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=
Udc idc

3
− 3Ugβ igβ

4
− Ugα igα

4
− Udc izα

2

− Rdc idc
2

3
− 3Rac igβ

2

4
− Rac igα

2

4
− 3Rz izβ

2

4
− Rz izα

2

4

−
√

3Ugβ igα
4

−
√

3Ugα igβ
4

−
√

3Udc izβ
2

+
Rdc idc izα

2
+

Rz idc izα
6

−
√

3Rac igβ igα
2

+

√
3Rdc idc izβ

2
+

√
3Rz idc izβ

6
−

√
3Rz izβ izα

2
(B.11)

P∆c = Ppc − Pnc

=
Ugα idc

3
− Udc igα

4
− 3Ugβ izβ

2
− Ugα izα

2
−

√
3Udc igβ

4
+

√
3Ugβ idc

3

−
√

3Ugβ izα
2

−
√

3Ugα izβ
2

+
Rac idc igα

3
+

Rdc idc igα
4

− 3Rac igβ izβ
2

− Rac igα izα
2

− 3Rz igβ izβ
8

− Rz igα izα
8

+

√
3Rac idc igβ

3
+

√
3Rdc idc igβ

4
−

√
3Rac igβ izα

2
−

√
3Rac igα izβ

2

−
√

3Rz igβ izα
8

−
√

3Rz igα izβ
8

(B.12)

The number of terms is further reduced, when the αβ0 reference frame is consid-
ered. PΣα

PΣβ

PΣ0

 = TC0 ·

Ppa + Pna

Ppb + Pnb

Ppc + Pnc

 (B.13)

P∆α

P∆β

P∆0

 = TC0 ·

Ppa − Pna

Ppb − Pnb

Ppc − Pnc

 (B.14)

By extension of the previous system, the following relations are obtained,

PΣα =
Ugβ igβ

2
− Ugα igα

2
+ Udc izα

+
Rac igβ

2

2
− Rac igα

2

2
+

Rz izβ
2

2
− Rz izα

2

2
−Rdc idc izα − Rz idc izα

3
(B.15)

PΣβ =
Ugβ igα

2
+

Ugα igβ
2

+ Udc izβ

+ Rac igβ igα −Rdc idc izβ −
Rz idc izβ

3
+ Rz izβ izα (B.16)
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PΣ0 =
Udc idc

3
− Ugα igα

2
− Ugβ igβ

2

− Rdc idc
2

3
− Rac igβ

2

2
− Rac igα

2

2
− Rz izβ

2

2
− Rz izα

2

2
(B.17)

P∆α =
Udc igα

2
− 2Ugα idc

3
+ Ugβ izβ − Ugα izα − 2Rac idc igα

3

− Rdc idc igα
2

+ Rac igβ izβ −Rac igα izα +
Rz igβ izβ

4
− Rz igα izα

4
(B.18)

P∆β =
Udc igβ

2
− 2Ugβ idc

3
+ Ugβ izα + Ugα izβ −

2Rac idc igβ
3

− Rdc idc igβ
2

+ Rac igβ izα + Rac igα izβ +
Rz igβ izα

4
+

Rz igα izβ
4

(B.19)

P∆0 = −Ugβ izβ − Ugα izα

−Rac igβ izβ −Rac igα izα − Rz igβ izβ
4

− Rz igα izα
4

(B.20)



C Discretization

The controllers in this thesis are mostly presented in the continuous-time domain.
However in practice, a discretization is necessary for practical implementation.
This section describes the discretization methods used.

C.1 Transfer functions

Continuous transfer functions must be discretized in to the z domain. For this,
the Tustin method (also bilinear transform) is used, yielding

s =
2

Ts

1 − z−1

1 + z−1
(C.1)

where Ts is the sampling time. However, for resonant controllers and notch filters,
the precise transformation of pole locations is crucial. If not done correctly, the
target frequency may shift during the discretization process. To better conserve
the desired frequency in discrete time domain, the Tustin transform from (C.1)
is extended using a technique known as prewarping , yielding

s =
ωPW

tan
(
ωPWTs

2

) 1 − z−1

1 + z−1
(C.2)

where ωPW as the pre-warping frequency [157].

C.2 State-space representations

For systems represented as state-space models, the Zero-Order-Hold (ZOH) dis-
cretization method is utilized. Consider the solution of a continuous state-space
model

ẋ(t) = Ax(t) + Bu(t), y(t) = Cx(t) (C.3)

169
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is given by

x(t) = eAtx(0) +

∫ t

0

eA(t−τ)Bu(τ)dτ (C.4)

Assuming that the input u(t) is sampled using a ZOH and between two con-
secutive samples the input remains constant, i.e. u(t) =⇒ u(kT ) for kT ≤
t ≤ (k + 1)T , the solution of the states differential equation for two consecutive
samples results in

x(k + 1) = eATx(k) +

∫ T

0

eAsdsBu(k) (C.5)

For simplicity, T = Ts. The discretized state-space model is determined as

x(k + 1) = Adx(k) + Bdu(k), y(k) = Cdx(k) (C.6)

where

Ad = eAT (C.7)

Bd =

∫ T

0

eAsdsB = A−1
(
eAT − I

)
B (C.8)

Cd = C (C.9)

as the discrete system matrices.

For the EDOB the system includes an observer matrix, which is treated as an
input matrix for the discretization process. According to (3.52), the state-space
model of the EDOB is given by

˙̂xm = Amx̂m + Bmγm + Lm (ym − ŷm) , (C.10)

ŷm = Cmx̂m (C.11)

where x̂m =
(
x̂i,m ρ̂m

)T
. Inserting (C.11) into (C.10) outputs

˙̂xm = Amx̂m + Bmγm + Lm (ym −Cmx̂m)

= (Am − LmCm) x̂m + Bmγm + Lmym

= Āmx̂m + Bmγm + Lmym

(C.12)

The solution of (C.12) results in
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x̂m = eĀmtx̂m(0) +

∫ t

0

eĀm(t−τ)Bmγm(τ)dτ +

∫ t

0

eĀm(t−τ)Lmym(τ)dτ (C.13)

Assuming that the input γm and the system output ym are sampled with a ZOH,
i.e. γm =⇒ γm(kT ) and ym(t) =⇒ ym(kT ) for kT ≤ t ≤ (k + 1)T , the solution
in (C.13) leads to

x̂m(k + 1) = eĀmT x̂m(k) +

∫ T

0

eĀmsdsBmγm(k) +

∫ T

0

eĀmsdsLmym(k) (C.14)

From (C.14), the discrete EDOB is derived as

x̂m(k + 1) = Ām,dx̂m(k) + Bm,dγm(k) + Lm,dym(k) (C.15)

where

Ām,d = eĀmT (C.16)

Bm,d =

∫ T

0

eĀmsdsBm = Ā−1
m

(
eĀmT − I

)
Bm (C.17)

Lm,d =

∫ T

0

eĀmsdsLm = Ā−1
m

(
eĀmT − I

)
Lm (C.18)
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D Remaining MSC Operation Ratios

In this appendix, the boundary conditions and current equations of the ratios 1,
2 and 4 are summarized. Same as stated in Section 4.3, the current equations are
only described for the phase current a. Due to the odd symmetry of the phase
currents, its sufficient to describe the current slopes in the range from [0, π].
Furthermore, the derivation of the boundary conditions follows the calculation
presented in Section 4.3.

D.1 Ratio 1

Table D.1: Boundary conditions for Ratio 1

Mode Boundary conditions

DCM1 0 ≤ mu < Udc2

3Usm

DCM2 Udc2

3Usm
≤ mu < Udc2

2Usm−Udc2

DCM3 Udc2

2Usm−Udc2
≤ mu < 2Udc2

3Usm

CCM1 2Udc2

3Usm
≤ mu < 1

3

CCM2 1
3
≤ mu < 2(Usm−Udc2)

3Usm

CCM3 2(Usm−Udc2)
3Usm

≤ mu < 2
3

CCM4 2
3
≤ mu < 2Usm+Udc2

3Usm

CCM5 2Usm+Udc2

3Usm
≤ mu ≤ 1

173



174 D Remaining MSC Operation Ratios

Table D.2: Current equations for isa in DCM1

Interval Current equations for phase a: isa(φ)

1 i1 − i0 = 0

2 i2 − i1 = Usm−Udc2

3ωL
muπ

3 i3 − i2 = −Udc2

3ωL
φ

4 i4 − i3 = 0

5 i5 − i4 = 2Usm−2Udc2

3ωL
muπ

6 i6 − i5 = −2Udc2

3ωL
φ

7 i7 − i6 = 0

8 i8 − i7 = Usm−Udc2

3ωL
muπ

9 i9 − i8 = −Udc2

3ωL
φ

10 i0 − i9 = 0

D.1.1 DCM1

i0 = i1 = i3 = i4 = i6 = i7 = i9 = 0 (D.1)

φ = muπ
Usm − Udc2

Udc2

(D.2)
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D.1.2 DCM2

Table D.3: Current equations for isa in DCM2

Interval Current equations for phase a: isa(φ)

1 i1 − i0 = Udc2

2ωL
(π
6
− muπ

2
)

2 i2 − i1 = Usm+Udc2

3ωL
φ1

3 i3 − i2 = Usm−Udc2

3ωL
(muπ − φ1)

4 i4 − i3 = −Udc2

3ωL
φ2

5 i5 − i4 = 0

6 i6 − i5 = 2Usm−Udc2

3ωL
φ1

7 i7 − i6 = 2Usm−2Udc2

3ωL
(muπ − φ1)

8 i8 − i7 = −2Udc2

3ωL
φ2

9 i9 − i8 = −Udc2

2ωL
(π
3
−muπ − φ2)

10 i10 − i9 = Usm−2Udc2

3ωL
φ1

11 i11 − i10 = Usm−Udc2

3ωL
(muπ − φ1)

12 i12 − i11 = −Udc2

3ωL
φ2

13 −i0 − i12 = −Udc2

2ωL
(π
6
− muπ

2
)

i2 = i4 = i5 = 0 (D.3)

φ1 = π
3muUsm − Udc2

Usm + Udc2

(D.4)

φ2 =
Usm − Udc2

Udc2

(muπ − φ1) (D.5)
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D.1.3 DCM3

Table D.4: Current equations for isa in DCM3

Interval Current equations for phase a: isa(φ)

1 i1 − i0 = Udc2

2ωL
(π
6
− muπ

2
)

2 i2 − i1 = Usm+Udc2

3ωL
muπ

3 i3 − i2 = Udc2

3ωL
φ

4 i4 − i3 = 0

5 i5 − i4 = 2Usm−Udc2

3ωL
muπ

6 i6 − i5 = −Udc2

3ωL
φ

7 i7 − i6 = −Udc2

2ωL
(π
3
−muπ − φ)

8 i8 − i7 = Usm−2Udc2

3ωL
muπ

9 i9 − i8 = −2Udc2

3ωL
φ

10 −i0 − i9 = −Udc2

2ωL
(π
6
− muπ

2
)

i3 = i4 = 0 (D.6)

φ = π
(2Usm − Udc2)mu − Udc2

Udc2

(D.7)
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D.1.4 CCM1

Table D.5: Current equations for isa in CCM1

Interval Current equations for phase a: isa(φ)

1 i1 − i0 = 2Udc2

3ωL
(π
6
− muπ

2
)

2 i2 − i1 = Usm+2Udc2

3ωL
φ

3 i3 − i2 = Usm+Udc2

3ωL
(muπ − φ)

4 i4 − i3 = Udc2

3ωL
(π
3
−muπ)

5 i5 − i4 = 2Usm+Udc2

3ωL
φ

6 i6 − i5 = 2Usm−Udc2

3ωL
(muπ − φ)

7 i7 − i6 = −Udc2

3ωL
(π
3
−muπ)

8 i8 − i7 = Usm−Udc2

3ωL
φ

9 i9 − i8 = Usm−2Udc2

3ωL
(muπ − φ)

10 −i0 − i9 = −2Udc2

3ωL
(π
6
− muπ

2
)

i5 = 0 (D.8)

φ = π
3muUsm − 2Udc2

6Usm

(D.9)
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D.1.5 CCM2

Table D.6: Current equations for isa in CCM2

Interval Current equations for phase a: isa(φ)

1 i1 − i0 = 2Udc2

3ωL
(muπ

2
− π

6
)

2 i2 − i1 = Usm+2Udc2

3ωL
φ

3 i3 − i2 = Usm+Udc2

3ωL
(2π

3
−muπ − φ)

4 i4 − i3 = 3Usm+Udc2

3ωL
(muπ − π

3
)

5 i5 − i4 = 2Usm+Udc2

3ωL
φ

6 i6 − i5 = 2Usm−Udc2

3ωL
(2π

3
−muπ − φ)

7 i7 − i6 = 3Usm−Udc2

3ωL
(muπ − π

3
)

8 i8 − i7 = Usm−Udc2

3ωL
φ

9 i9 − i8 = Usm−2Udc2

3ωL
(2π

3
−muπ − φ)

10 −i0 − i9 = −2Udc2

3ωL
(π
6
− muπ

2
)

i5 = 0 (D.10)

φ = π
2Usm − 3muUsm − 2Udc2

6Usm

(D.11)
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D.1.6 CCM3

Table D.7: Current equations for isa in CCM3

Interval Current equations for phase a: isa(φ)

1 i1 − i0 = 2Udc2

3ωL
(π
6
− muπ

2
+ φ)

2 i2 − i1 = Udc2

3ωL
(muπ − π

3
− φ)

3 i3 − i2 = Usm+Udc2

3ωL
(2π

3
−muπ)

4 i4 − i3 = 3Usm+Udc2

3ωL
φ

5 i5 − i4 = 3Usm−Udc2

3ωL
(muπ − π

3
− φ)

6 i6 − i5 = 2Usm−Udc2

3ωL
(2π

3
−muπ)

7 i7 − i6 = 3Usm−Udc2

3ωL
φ

8 i8 − i7 = 3Usm−2Udc2

3ωL
(muπ − π

3
− φ)

9 i9 − i8 = Usm−2Udc2

3ωL
(2π

3
−muπ)

10 −i0 − i9 = −2Udc2

3ωL
(π
6
− muπ

2
+ φ)

i4 = 0 (D.12)

φ = π
6muUsm − Usm − 2Udc2

9Usm

(D.13)
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D.1.7 CCM4

Table D.8: Current equations for isa in CCM4

Interval Current equations for phase a: isa(φ)

1 i1 − i0 = 2Udc2

3ωL
(φ + muπ

2
− π

2
)

2 i2 − i1 = Udc2

3ωL
(π −muπ − φ)

3 i3 − i2 = 2Usm+Udc2

3ωL
(muπ − 2π

3
)

4 i4 − i3 = 3Usm+Udc2

3ωL
φ

5 i5 − i4 = 3Usm−Udc2

3ωL
(π −muπ − φ)

6 i6 − i5 = 4Usm−Udc2

3ωL
(muπ − 2π

3
)

7 i7 − i6 = 3Usm−Udc2

3ωL
φ

8 i8 − i7 = 3Usm−2Udc2

3ωL
(π −muπ − φ)

9 i9 − i8 = 2Usm−2Udc2

3ωL
(muπ − 2π

3
)

10 −i0 − i9 = −2Udc2

3ωL
(φ + muπ

2
− π

2
)

i4 = 0 (D.14)

φ = π
5Usm − 3muUsm − 2Udc2

9Usm

(D.15)



D.1 Ratio 1 181

D.1.8 CCM5

Table D.9: Current equations for isa in CCM5

Interval Current equations for phase a: isa(φ)

1 i1 − i0 = 2Udc2

3ωL
(π
2
− muπ

2
)

2 i2 − i1 = 2Usm+2Udc2

3ωL
φ

3 i3 − i2 = 2Usm+Udc2

3ωL
(muπ − 2π

3
− φ)

4 i4 − i3 = 3Usm+Udc2

3ωL
(π −muπ)

5 i5 − i4 = 4Usm+Udc2

3ωL
φ

6 i6 − i5 = 4Usm−Udc2

3ωL
(muπ − 2π

3
− φ)

7 i7 − i6 = 3Usm−Udc2

3ωL
(π −muπ)

8 i8 − i7 = 2Usm−Udc2

3ωL
φ

9 i9 − i8 = 2Usm−2Udc2

3ωL
(muπ − 2π

3
− φ)

10 −i0 − i9 = −2Udc2

3ωL
(π
2
− muπ

2
)

i5 = 0 (D.16)

φ = π
3muUsm − 2Usm − Udc2

6Usm

(D.17)
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D.2 Ratio 2

Table D.10: Boundary conditions for Ratio 2

Mode Boundary conditions

DCM1 0 ≤ mu < Udc2

3Usm

CCM1 2Udc2

3Usm
≤ mu < 1

3

CCM2 1
3
≤ mu < (Usm+Udc2)

6Usm

CCM3 (Usm+Udc2)
6Usm

≤ mu < 2
3

CCM4 2
3
≤ mu < 2Usm+Udc2

3Usm

CCM5 2Usm+Udc2

3Usm
≤ mu ≤ 1
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D.2.1 DCM1

Table D.11: Current equations for isa in DCM1

Interval Current equations for phase a: isa(φ)

1 i1 − i0 = 0

2 i2 − i1 = Usm−Udc2

3ωL
muπ

3 i3 − i2 = −Udc2

3ωL
φ

4 i4 − i3 = 0

5 i5 − i4 = 2Usm−2Udc2

3ωL
muπ

6 i6 − i5 = −2Udc2

3ωL
φ

7 i7 − i6 = 0

8 i8 − i7 = Usm−Udc2

3ωL
muπ

9 i9 − i8 = −Udc2

3ωL
φ

10 i0 − i9 = 0

i0 = i1 = i3 = i4 = i6 = i7 = i9 = 0 (D.18)

φ = muπ
Usm − Udc2

Udc2

(D.19)
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D.2.2 CCM1

Table D.12: Current equations for isa in CCM1

Interval Current equations for phase a: isa(φ)

1 i1 − i0 = Udc2

3ωL
(π
6
− muπ

2
)

2 i2 − i1 = Usm+Udc2

3ωL
φ

3 i3 − i2 = Usm−Udc2

3ωL
(muπ − φ)

4 i4 − i3 = −Udc2

3ωL
(π
3
− muπ

2
)

5 i5 − i4 = 2Usm−Udc2

3ωL
φ

6 i6 − i5 = 2Usm−2Udc2

3ωL
(muπ − φ)

7 i7 − i6 = −2Udc2

3ωL
(π
3
− muπ

2
)

8 i8 − i7 = Usm−2Udc2

3ωL
φ

9 i9 − i8 = Usm−Udc2

3ωL
(muπ − φ)

10 −i0 − i9 = −Udc2

3ωL
(π
6
− muπ

2
)

i2 = 0 (D.20)

φ = π
6muUsm − 2Udc2

3Usm

(D.21)



D.2 Ratio 2 185

D.2.3 CCM2

Table D.13: Current equations for isa in CCM2

Interval Current equations for phase a: isa(φ)

1 i1 − i0 = Udc2

3ωL
(muπ

2
− π

6
)

2 i2 − i1 = Usm+Udc2

3ωL
φ

3 i3 − i2 = Usm−Udc2

3ωL
(2π

3
−muπ − φ)

4 i4 − i3 = 3Usm−Udc2

3ωL
(muπ − π

3
)

5 i5 − i4 = 2Usm−Udc2

3ωL
φ

6 i6 − i5 = 2Usm−2Udc2

3ωL
(2π

3
−muπ − φ)

7 i7 − i6 = 3Usm−2Udc2

3ωL
(muπ − π

3
)

8 i8 − i7 = Usm−2Udc2

3ωL
φ

9 i9 − i8 = Usm−Udc2

3ωL
(2π

3
−muπ − φ)

10 −i0 − i9 = −Udc2

3ωL
(mπ

2
− π

6
)

i2 = 0 (D.22)

φ = π
3muUsm + Usm − 2Udc2

3Usm

(D.23)
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D.2.4 CCM3

Table D.14: Current equations for isa in CCM3

Interval Current equations for phase a: isa(φ)

1 i1 − i0 = 2Udc2

3ωL
(π
6
− muπ

2
+ φ)

2 i2 − i1 = Udc2

3ωL
(muπ − π

3
− φ)

3 i3 − i2 = Usm+Udc2

3ωL
(2π

3
−muπ)

4 i4 − i3 = 3Usm+Udc2

3ωL
φ

5 i5 − i4 = 3Usm−Udc2

3ωL
(muπ − π

3
− φ)

6 i6 − i5 = 2Usm−Udc2

3ωL
(2π

3
−muπ)

7 i7 − i6 = 3Usm−Udc2

3ωL
φ

8 i8 − i7 = 3Usm−2Udc2

3ωL
(muπ − π

3
− φ)

9 i9 − i8 = Usm−2Udc2

3ωL
(2π

3
−muπ)

10 −i0 − i9 = −2Udc2

3ωL
(π
6
− muπ

2
+ φ)

i4 = 0 (D.24)

φ = π
6muUsm − Usm − 2Udc2

9Usm

(D.25)
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D.2.5 CCM4

Table D.15: Current equations for isa in CCM4

Interval Current equations for phase a: isa(φ)

1 i1 − i0 = 2Udc2

3ωL
(φ + muπ

2
− π

2
)

2 i2 − i1 = Udc2

3ωL
(π −muπ − φ)

3 i3 − i2 = 2Usm+Udc2

3ωL
(muπ − 2π

3
)

4 i4 − i3 = 3Usm+Udc2

3ωL
φ

5 i5 − i4 = 3Usm−Udc2

3ωL
(π −muπ − φ)

6 i6 − i5 = 4Usm−Udc2

3ωL
(muπ − 2π

3
)

7 i7 − i6 = 3Usm−Udc2

3ωL
φ

8 i8 − i7 = 3Usm−2Udc2

3ωL
(π −muπ − φ)

9 i9 − i8 = 2Usm−2Udc2

3ωL
(muπ − 2π

3
)

10 −i0 − i9 = −2Udc2

3ωL
(φ + muπ

2
− π

2
)

i4 = 0 (D.26)

φ = π
5Usm − 3muUsm − 2Udc2

9Usm

(D.27)
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D.2.6 CCM5

Table D.16: Current equations for isa in CCM5

Interval Current equations for phase a: isa(φ)

1 i1 − i0 = 2Udc2

3ωL
(π
2
− muπ

2
)

2 i2 − i1 = 2Usm+2Udc2

3ωL
φ

3 i3 − i2 = 2Usm+Udc2

3ωL
(muπ − 2π

3
− φ)

4 i4 − i3 = 3Usm+Udc2

3ωL
(π −muπ)

5 i5 − i4 = 4Usm+Udc2

3ωL
φ

6 i6 − i5 = 4Usm−Udc2

3ωL
(muπ − 2π

3
− φ)

7 i7 − i6 = 3Usm−Udc2

3ωL
(π −muπ)

8 i8 − i7 = 2Usm−Udc2

3ωL
φ

9 i9 − i8 = 2Usm−2Udc2

3ωL
(muπ − 2π

3
− φ)

10 −i0 − i9 = −2Udc2

3ωL
(π
2
− muπ

2
)

i5 = 0 (D.28)

φ = π
3muUsm − 2Usm − Udc2

6Usm

(D.29)
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D.3 Ratio 4

The modes for ratio 4 are not completely described, due to the fact that the MSC
operating point is in ratio 3 and reaches ratio 1, 2 and 3. Currently, the mode
DCM3 is not described.

Table D.17: Boundary conditions for Ratio 4

Mode Boundary conditions

DCM1 1
3
≤ mu < Udc2

3Usm

DCM2 Udc2

3Usm
≤ mu < 2

3

DCM3 2
3
≤ mu < 2Udc2−Usm

3Usm

CCM1 2Udc2−Usm

3Usm
≤ mu < 1

D.3.1 DCM1

Table D.18: Current equations for isa(φ) in DCM1

Interval Current equations for phase a: isa

1 i1 − i0 = 0 (π
2
− muπ

2
)

2 i2 − i1 = 2Usm−Udc2

2ωL
(muπ − π

3
)

3 i3 − i2 = Usm−Udc2

2ωL
φ

4 i4 − i3 = 0 (2π
3
−muπ − φ)

5 i5 − i4 = 2Usm−Udc2

2ωL
(muπ − π

3
)

6 i6 − i5 = Usm−Udc2

2ωL
φ

7 i0 − i6 = 0 (π
2
− muπ

2
)
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i0 = i1 = i3 = i4 = i6 = i7 = 0 (D.30)

φ = π
Udc2 − 2Usm

Usm − Udc2

3mu − 1

3
(D.31)

D.3.2 DCM2

Table D.19: Current equations for isa in DCM2

Interval Current equations for phase a: isa(φ)

1 i1 − i0 = 0 π
2
(1 −mu)

2 i2 − i1 = 3Usm−Udc2

3ωL
φ

3 i3 − i2 = 2Usm−Udc2

2ωL
(muπ − π

3
− φ)

4 i4 − i3 = Usm−Udc2

2ωL
(2π

3
−muπ)

5 i5 − i4 = 3Usm−2Udc2

3ωL
φ

6 i6 − i5 = 2Usm−Udc2

2ωL
(muπ − π

3
− φ)

7 i7 − i6 = Usm−Udc2

2ωL
(2π

3
−muπ)

8 i8 − i7 = −Udc2

3ωL
φ

9 i0 − i8 = 0 (muπ
2

− π
6
− φ2)

D.3.3 CCM1

i0 = i1 = i8 = i9 = 0 (D.32)

φ = π
3muUsm + Usm − 2Udc2

6Usm

(D.33)
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Table D.20: Current equations for isa in CCM3

Interval Current equations for phase a: isa

1 i1 − i0 = Udc2

3ωL
(π
2
− muπ

2
)

2 i2 − i1 = 2Usm+Udc2

3ωL
φ

3 i3 − i2 = 2Usm−Udc2

3ωL
(muπ − 2π

3
− φ)

4 i4 − i3 = 3Usm−Udc2

3ωL
(π −muπ)

5 i5 − i4 = 4Usm−Udc2

3ωL
φ

6 i6 − i5 = 4Usm−2Udc2

3ωL
(muπ − 2π

3
− φ)

7 i7 − i6 = 3Usm−2Udc2

3ωL
(π −muπ)

8 i8 − i7 = 2Usm−2Udc2

3ωL
φ

9 i9 − i8 = 2Usm−Udc2

3ωL
(muπ − 2π

3
− φ)

10 −i0 − i9 = −Udc2

3ωL
(π
2
− muπ

2
)
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[168] Johannes Kolb.“Optimale Betriebsführung des Modularen Multilevel-Umrichters
als Antriebsumrichter für Drehstrommaschinen”. German. PhD thesis. 2014.
310 pp. isbn: 978-3-7315-0183-1. doi: 10.5445/KSP/1000039063.

[169] Prof. Dr.-Ing Steven Liu. “Vorlesung Lineare Regelungen (Regelungstech-
nik 1)”. In: Lehrstuhl für Regelungssysteme. 2024. Chap. 6.

[170] Vicente Balaguer et al. “Enhanced 2-DOF PID Controller Tuning Based
on an Uncertainty and Disturbance Estimator With Experimental Valida-
tion”. In: IEEE Access 9 (2021). doi: 10.1109/ACCESS.2021.3095057.

[171] Emil Grosswald. Bessel polynomials. Vol. 698. Springer, 2006.

[172] I. M. Filanovsky.“Polynomial Filters with Controllable Overshoot In Their
Step Transient Responses”. In: 2021 IEEE International Midwest Sym-
posium on Circuits and Systems (MWSCAS). 2021, pp. 382–385. doi:
10.1109/MWSCAS47672.2021.9531729.

[173] Prof. Dr.-Ing. Daniel Görges.“Lecture Notes on Model Predictive Control”.
In: Lehrstuhl für Elektromöblität. 2024. Chap. 5.
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Zusammenfassung

Diese Dissertation untersucht die topologische Struktur des Modularen Multilevel-
Umrichters (MMC) mit besonderem Fokus auf dessen Modularität und flexiblen
Energiespeicherfähigkeiten. Im Rahmen dieser Arbeit wurden zwei bislang uner-
forschte Eigenschaften des MMC eingeführt und analysiert, die durch die im Ver-
lauf der Forschung entwickelten Regelungsstrategien gezielt erschlossen werden
konnten.

Die gesammelten Daten deuten darauf hin, dass das globale Bevölkerungswach-
stum – insbesondere in wirtschaftlich aufstrebenden Ländern – mit einem stark
steigenden Energiebedarf einhergeht. Bei Beibehaltung des derzeitigen Energiemixes
ist eine weitere globale Erwärmung nur durch eine zügige, breit angelegte Elek-
trifizierung auf Basis erneuerbarer Energiequellen und Energiespeichersysteme
abzuwenden. Da diese Technologien im Kern auf Gleichstrom (DC) beruhen,
spricht vieles für einen Übergang von traditionellen Wechselstrom- (AC)-Netzen
hin zu Gleichstrom- oder hybriden AC/DC-Netzarchitekturen. Diese Umstellung
wird durch Fortschritte in der Leistungselektronik und der Entwicklung moderner
Umrichterkonzepte ermöglicht, deren grundlegende Prinzipien im Rahmen dieser
Arbeit für ein besseres Verständnis in den Folgekapiteln dargestellt wurden. Für
Übertragungs- und Verteilnetze können nur mehrstufige Umrichtertopologien den
gestiegenen Spannungsanforderungen gerecht werden. Unter diesen gilt der MMC
als die flexibelste, kosteneffizienteste und vielversprechendste Lösung.

Die MMC-Topologie wurde durch Zerlegung in ihre grundlegenden Bausteine
analysiert, wobei ein besonderer Schwerpunkt auf die flexiblen Energiespeicher-
fähigkeiten gelegt wurde. Eine umfassende Schaltungsanalyse diente als Grund-
lage für die Herleitung linearer und nichtlinearer Zustandsraummodelle. Ver-
schiedene Modulationsverfahren und Balanciermethoden innerhalb eines Arms
wurden vorgestellt. Sowohl Schalt- als auch gemittelte Modelle wurden beschrieben
und miteinander verglichen, um die Eignung des gemittelten Modells zu bele-
gen. Letzteres bildet das dynamische Verhalten der Topologie mit hinreichen-
der Genauigkeit ab, insbesondere bei erhöhter Schaltfrequenz und reduzierter
Anzahl verfügbarer Submodule, und dient daher als solide Grundlage für die
Regelungsauslegung.

Im Anschluss wurde das Konzept der Leistungsentkopplung zwischen AC- und
DC-Netzen vorgestellt. Durch gezielte Nutzung der Energiespeicherfähigkeit des
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MMC lassen sich auf beiden Netzseiten unterschiedliche transiente Reaktionen auf
eine gemeinsame Leistungsreferenz erzielen. Im Vergleich zu anderen Umrichter-
topologien ist der MMC einzigartig in der Lage, die Energieflüsse zu Quelle und
Senke simultan und unabhängig zu steuern. Diese Eigenschaft macht den MMC
insbesondere für Anwendungen mit Netzen unterschiedlicher Natur attraktiv –
etwa bei Kopplung an schwache Netze, wo schnelle Transienten auf der einen
Seite potenziell die Stabilität auf der anderen gefährden könnten. Diese Fähigkeit
wird durch die installierte Kapazität sowie die entwickelte Regelungsstruktur er-
möglicht. Zur Kompensation der nichtlinearen inneren Zusammenhänge kam
die Input-Output-Feedback-Linearisation zum Einsatz, um eine lineare und en-
tkoppelte Regelung von DC-, AC- und Zirkulationsströmen zu ermöglichen. In
einer kaskadierten Struktur beeinflussen diese Ströme die mittlere Energie in
den Arm-Kondensatoren. Da diese Regelung sensitiv gegenüber Parametervari-
ationen ist, wurde ein erweiterter Störbeobachter entwickelt. Darauf aufbauend
wurde ein Zweipunkt-Regler (2-DOF) zur gezielten Steuerung der Armenergien
entworfen, der zwischen Störungen und Referenzänderungen differenzieren kann.
Die Leistungsfähigkeit des Reglers wurde anhand eines im Rahmen dieser Arbeit
aufgebauten Laborprototyps validiert. Um zusätzlich Hardwarebeschränkungen
zu berücksichtigen, wurde ein prädiktiver Regler mit langem Vorhersagehorizont
als äußere Schleife untersucht. Dieser bietet gute Regelgüte unter gleichzeitiger
Einhaltung von Randbedingungen hinsichtlich maximal übertragener Leistung
und gespeicherter Energie. Der Regler wurde in einer Processor-in-the-Loop-
Umgebung getestet, um seine Praxistauglichkeit unter verschiedenen Prädiktions-
und Restriktionshorizonten zu evaluieren.

Darüber hinaus wird die Entwicklung eines mobilen Seitenumrichters (MSC)
vorgestellt, der speziell für die Elektrifizierung schwerer landwirtschaftlicher Maschi-
nen konzipiert wurde. In diesem anspruchsvollen Anwendungsbereich, in dem
Elektrifizierung bisher nur schwer realisierbar ist, versorgt ein Mittelspannungs-
Gleichstromnetz (MVDC) mehrere Maschinen gleichzeitig, was die Gesamtef-
fizienz des Systems deutlich erhöht. Der MSC ist für die direkte Integration
in jede Maschine vorgesehen und nutzt eine MMC-Architektur zur Transforma-
tion des MVDC auf die benötigten Niederspannungs-Gleichstrompegel (LVDC)
der bordeigenen Subsysteme. Im Gegensatz zu herkömmlichen Ansätzen erreicht
der Umrichter durch eine erhöhte Anzahl permanent eingeschalteter Submodule
ein hohes Spannungsübersetzungsverhältnis – ohne Einsatz eines Transformators
– und steigert dadurch die Leistungsdichte, wenngleich auf Kosten der verfüg-
baren Spannungsstufen. Trotz der stark nichtlinearen Struktur des resultieren-
den Schaltbildes wurden verschiedene Betriebsarten umfassend analysiert und
anhand eines 300 kW-Demonstrators experimentell validiert. Zudem wurde ein
reduziertes Modell entwickelt, das den Entwurf eines adaptiven Reglers unter-
stützt, der robuste und differenzierte Reaktionen auf Störungen und Referenzän-
derungen ermöglicht. Im Vergleich zu konventionellen Lösungen zeigte sich eine
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signifikant verbesserte Dynamik und Anpassungsfähigkeit – ideal für die stark
schwankenden Lastbedingungen in der Landwirtschaft.

Um das volle Potenzial der vorgestellten Ansätze auszuschöpfen, sollten in zukün-
ftigen Arbeiten die in dieser Dissertation identifizierten Grenzen gezielt adressiert
werden. Im Verlauf der Untersuchungen traten mehrere offene Fragestellungen
auf, die klare Anhaltspunkte für weiterführende Forschung liefern. So wurde
beispielsweise deutlich, dass das Erreichen einer vorgegebenen Transientenform
zwar ein wünschenswertes Ziel darstellt, jedoch durch gemischtfrequente Anteile
im Zirkulationsstrom erheblich erschwert wird – insbesondere während dynamis-
cher Referenzverfolgung.

Das Konzept der Leistungsentkopplung könnte überdies auf weitere Funktion-
alitäten von Umrichtern zur Netzverknüpfung ausgedehnt werden, insbesondere
unter Fehlerbedingungen oder bei Netzunsymmetrien. In solchen Szenarien treten
zusätzliche gemischtfrequente Komponenten sowohl auf AC- als auch auf DC-
Seite auf, was die Wirksamkeit der Feedback-Linearisation und die Robustheit des
Störbeobachters beeinträchtigen kann. Fortschritte in diesem Bereich würden gle-
ichzeitig die Leistungsfähigkeit der entwickelten MPC-Strategie verbessern. Trotz
deren guter Gesamtleistung wurden in bestimmten Energiespeichern geringfügige
Randbedingungsverletzungen beobachtet, vermutlich infolge von Modellabweichun-
gen im geschlossenen Kreis des Zirkulationsstroms.

Auch die Erforschung alternativer Optimierungsmethoden zur praktischen Im-
plementierung der langhorizontigen MPC ist ein vielversprechender Ansatz, um
die Anwendbarkeit des Reglers unter realen Bedingungen weiter zu verbessern.
Der Einsatz leistungsfähigerer eingebetteter Plattformen könnte zudem die Per-
formance und Skalierbarkeit positiv beeinflussen.

Bezüglich des MSC stellt die hardwareseitige Umsetzung des vorgeschlagenen
adaptiven Reglers einen zentralen nächsten Schritt dar – insbesondere vor dem
Hintergrund der vielversprechenden Simulationsergebnisse. Darüber hinaus eröffnet
die Integration von Leistungsentkopplungsprinzipien in den Betrieb des MSC ein
spannendes Forschungsfeld. Dies erfordert allerdings zunächst die Entwicklung
eines dedizierten Energiereglers für die in dieser Arbeit vorgestellte Umrichterar-
chitektur.
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